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Abstract

Experiments were conducted in the microgravity of space in which a pool of liquid

(R-113), initially at a precisely defined pressure and temperature, is subjected to a step

imposed heat flux from a semi-transparent thin-film heater forming part of one wall of the

container such that boiling is initiated and maintained for a defined period of time at a

constant pressure level. Transient measurements of the heater surface and fluid

temperatures near the surface are made, noting in particular the conditions at the onset of

boiling, along with motion photography of the boiling process in two simultaneous views,

from beneath the heating surface and from the side. The conduct of the experiment and the

data acquisitions are completely automated and self-contained. A total of nine tests were

conducted at three levels of heat flux and three levels of subcooling in each of the two space

experiments designated as PBE-IIA, -liB on the STS-77, -72, respectively. These space

experiments differed from each other in the levels of subcooling and heat flux used relative

to those of three space experiments conducted earlier under essentially identical

circumstances and designated as PBE-IA, -IB, -IC on the STS-47, -57,-60, respectively.

The subcooling levels in PBE-IIA on STS-77 were identical to those of the latter three

identical space experiments referred to above, while the heat flux levels were decreased to a

minimum level one-fourth that previously used. The heat flux levels in PBE-IIB on STS-

72 were identical to those of the latter three identical space experiments above, while the

subcooling levels were increased to a maximum level double that previously used. The

physical hardware used in PBE-IIA, -liB was the same, including the heater surface, as

that referred to as the Flight Version, PBE-IB on STS-57.

The basic mechanisms of pool boiling are reviewed, with particular emphasis on the

roles of buoyancy, and the experimental concepts and parameters used are given. The

hardware and operating procedures followed are described in some detail.

The experimental results for each of the nine (9) runs in each of the space flights,

along with those from several post-flight ground tests, are given in sufficient detail that the

derived parameters and conclusions can be independently obtained, if desired. Sample

images are provided for each Run, following digitizing from the 16 mm film.

The distinct advantage gained by the transient heating of a stagnant liquid in

microgravity is that the temperature distribution is known at the moment of nucleation and

at the beginning of the growth period of the vapor. The temperature distribution known at

nucleation permits the application of the modification of the classical homogeneous

nucleation theory to the prediction of the heater surface superheat at nucleation. Successful

comparisons with the effects of varying the heat flux and initial bulk liquid subcooling are

presented.



As aresultof thehigherbulk liquid subcoolingsandlower heatflux levelsusedin

thepresentwork, three(3) additionalmodesof propagationof boiling acrossthe heater
surfaceandsubsequentvaporbubblegrowthswereobserved,in additionto the two (2)

modesobservedin the previousmicrogravitypool lx_ilingspaceflights. Of particular

interestweretheextremelydynamicor "explosive"growths,which weredeterminedto be

theconsequenceof the largeincreasein the liquid-vaporinterfaceareaassociatedwith the

appearanceof a corrugatedor rough interface,which itself is due to the presenceof an

instability. The identificationand modelingof the sourceof this instability, including

predictionsof circumstancesfor its onset, havebeen cardedout. Assumptionswere
necessaryregardingthecharacterof disturbancesnecessaryfor the instabilitiesto grow,

and require future experimentationin the microgravity of space for clarification, in

particularaboutthewavelengthsassociatedwith theinstabilities.

A newvaporbubblephenomenawasobservedatthecombinationof the lower heat

flux levels andhighestsubcoolinglevels, in which distinct regularmigrationsof small

vaporbubblestook placewhile remainingin the immediatevicinity of the heatersurface,

proceedingfrom their regionof origin toward a largerbubble,alsoon theheatersurface,

and eventuallycoalescingwith this larger bubble. The heat transfer was enhanced

approximately30%asaresultof thesemigratingbubbles,which is believedto be a vapor

bubble manifestationof Marangoni convectionantttor molecular momentum effects,

sometimesreferredto asvaporrecoil. No analyticalde,.,elopmentdescribingthesemotions

is availableyet, but the resultsof measurementsof the bubble velocitiesand sizesare

presentedfor thewell-definedinitial conditionsemployed.
Summariesof themeanheattransferbehaviorfor eachof theexperimentalvariables

are given. The circumstancesof heatflux andliquid subcoolingnecessaryto produce

heatersurfacedryoutfor aninitially stagnantliquid subiectedto an imposedheatflux have

beenmorecloselyidentified.
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1. INTRODUCTION

1.1 General Background

Nucleate boiling is an important mode of heat transfer in that relatively small temperature

differences can provide large rates of heat transfer, which can result in significant economic and

other benefits associated with the smaller heat transfer areas necessary to accomplish a given

function.

A limitation in the development of more compact power sources using nuclear energy lies

in the ability to remove the large heat generation rates possible from the reactor core in a manner

that is consistent, reliable and predictable. Nucleate boiling would be a candidate for wide spread

use in such an application were the fundamental mechanisms that govern the process sufficiently

well understood. Additional important applications of nucleate boiling exist, such as steam

generation in conventional power plants, distillation processes in petroleum and other chemical

plants, and the boiling of refrigerants in cooling coils, in which the motion of the bulk liquid is

generally imposed externally. This is termed forced convection boiling, and the liquid motion

moves the vapor formed away from the heated surface so that the vapor may be utilized and/or

further processed and the nucleate boiling process can continue.

Other applications exist in which externally forced flow is absent, where buoyancy

provides the major mechanism for vapor removal from the vicinity of the heating surface, and is

generally designated pool boiling. Even in circumstances where forced convection exists to some

extent, the forces associated with flow acting on the vapor bubbles may be sufficiently small that

buoyancy or body forces will continue to be responsible for the vapor removal process. It should

then be possible to describe the behavior, in terms of basic governing mechanisms, by the pool

boiling process. Devices in which pool boiling occurs are two-phase closed thermosyphons,

reboilers, and heat pipes, whether gravity assisted or not. Potentially significant applications exist

in the cooling of microelectronic circuitry and the internal cooling of gas turbine blades. The latter

would involve pool boiling under high gravity fields, and its successful application would permit

higher operating temperatures with attendant higher efficiencies, and would also eliminate the need

for the development of exotic ceramic materials with the difficulties of thermal stresses and

reliability. Another important and as yet poorly understood area incorporated in the mechanism of

pool boiling is the breakdown of film boiling into the transition boiling regime. This is of concern

in the loss-of -coolant accident in nuclear power plants, and is encompassed in the reflooding and

fuel element rewetting processes. A good understanding of this rewetting process in microgravity

or in the absence of buoyancy would improve its application with buoyancy.

The effective and enhanced application of both nucleate pool and forced convection boiling

requires a sound understanding of the mechanisms governing the processes. The vapor removal



from thevicinity of theheatersurface,asunderstoodto this point, occurs primarily by buoyancy in

the case of pool boiling and bulk liquid inertia in the case with forced convection. The results of

pool boiling experiments in long term microgravity, reported by Merte et al (1996), demonstrated

that under certain circumstances the effects of momentum imparted to the liquid by dynamic

growing vapor bubbles and of surface tension associated with the coalescence of different size

vapor bubbles can serve to remove vapor bubbles from the heater surface. Although the variation

of both gravity and forced flow are known to influence the overall heat transfer processes, other

forces or potentials are acting as well, and the relative significance's of these are as yet poorly

understood.

Requirements for the proper functioning of equipment and personnel in the space

environment of reduced gravity and vacuum, as will be nt.'cessary in space station modules and

space power generation, introduce unique problems in temperature control, power generation,

energy dissipation, the storage, transfer, control and cond!fioning of fluids (including cryogenic

liquids), and liquid-vapor separation.

The temperature control in certain locations where internal heat generation takes place as a

result of dissipation, as from friction or joulian heating in electronic equipment, or as a

consequence of a nuclear or chemical heat source, may require that this energy be transported to

other locations of the facility or stored locally for later trar_sport and elimination. The use of the

phase changes of vaporization and condensation to trartsport energy have the advantage of

accommodating large variations in heat loads with relatively small temperature gradients and

changes in temperature levels, along with the economical use of pumping power. Energy storage

might be advantageous for intermittent processes or for prccesses where momentary surges could

not be accommodated by a steady transfer of mass to a remote location, and also could take

advantage of the latent heat associated with phase changes.

A distinction must be made between pool boilint_, and flow boiling when considering

applications in the space environment of microgravity, since these two processes may arise in quite

different specific technical applications. Pool boiling, for example, would be important for the

short term cooling of high power electronic and other devic,:s, and for the long term space storage

of cryogens. Flow boiling, on the other hand, occurs in applications where liquid flow is imposed

externally, such as in Rankine cycle vapor generation or in thermal energy management using

pumped latent heat transport.

Certain effects which can be neglected at normal earth gravity, such as surface tension and

vapor momentum, can become quite significant at microgravity conditions. Momentum imparted

to the liquid by the vapor bubble during growth tends to ciraw the vapor bubble away from the

surface, depending on the rate of growth, which in turn is g:)verned by the temperature distribution

of the liquid. Thermocapillary forces, arising from the vari:_tion of the liquid-vapor surface tension
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with temperature, on the other hand, tend to move the vapor bubble toward the region of higher

temperature. The bubble motion will be governed by which of these two effects prevail. In

addition, thermocapillary forces acting at the liquid-vapor interface of vapor bubbles in contact with

a heated surface could act to bring cooler liquid to the heater surface, delaying or inhibiting the

onset of dryout, or promoting and enhancing the rewetting of the heater surface.

1.2 Objectives of Study

The research as originally proposed was intended to seek to improve the understanding of

the fundamental mechanisms that constitute nucleate pool boiling. The vehicle for accomplishing

this is an investigation, including experiments conducted in microgravity and coupled with

appropriate analyses, of the heat transfer and vapor bubble dynamics associated with nucleation,

bubble growth/collapse and subsequent motion, considering the interrelations between buoyancy,

momentum and surface tension which will govern the motion of the vapor and surrounding liquid,

as a function of the heating rate at the heat transfer surface and the temperature level and

distribution in the bulk liquid.

As became clear when the prior results obtained by Merte et al (1996) were examined, a

more accurate representation of the objectives would have been a proposal for a general study of

pool boiling in microgravity. The circumstances under which nucleate boiling and what is

generally termed, to this point, film boiling take place with pool boiling in microgravity is as yet

unclear. Both of these processes were observed, sometimes simultaneously, in the prior work.

An adequate understanding of the mechanisms in any process implies that its behavior can

be predicted in terms of the governing parameters. The behavior here would include the conditions

for the onset of boiling, the dynamics of the vapor bubbles, including both the number density of

active nucleating sites and the frequency of formation, and the associated heat transfer. Although a

considerable amount of research has been conducted on nucleate boiling over the years, and has

been useful with respect to application to various technologies on earth, the ability to predict its

behavior is as yet very limited, owing to the involvement and interaction of the many parameters.

To this now should be added also the limitations in predicting the onset of dryout or rewetting,

whether in earth gravity or microgravity.

For the basic studies proposed and conducted, with further results presented here, it was

deemed essential to establish well-defined "bench marks" which could withstand future

interrogation. The availability of a long period of quiescence prior to the onset to each test, as a

result of the microgravity environment, means that the initial state at the onset of heating and at the

onset of boiling (nucleation) will be well-defined. This is not possible in a gravity field. The

availability of relatively long test periods permit the use of combinations of low heat flux and

subcooling that require more time for the inception of boiling than is available in a drop tower, and

3



also permit the observingof long-termvapor dynamicbehaviorfollowing the transientbubble

growth.
Thecomponentswhichconstitutethenucleateboiling process-nucleation,growth, motion,

collapse(if subcooled)of thevaporbubbles- arecommonto both pool and flow boiling. The

study here focuseson the fundamentalmechanismsof pool boiling only, under microgravity
conditions. This eliminatesthe complicationsassociatedwith having an external flow field

superimposedon thatgeneratedby growing/collapsingvaporbubbles. In addition,this eliminates

thepossibilityof havingothereffectsmaskedby anexternalflow field similar to thatproducedby

buoyancy.
The specificobjectivesof the study representedby the resultsherefrom the two space

experimentsonSTS-72,-77wereto examinethephenomenaof nucleationanddryout/rewettingin

moredetailby extendingtherangeof experimentalparametersbeyondthoseusedpreviously: The
heatflux levelsin PBE-IIA on STS-77werereducedto 2, 1,and0.5w/cm2in placeof 8,4, and2

w/cm2in all theotherspaceexperiments;Theinitial bulk liquid subcoolinglevels in PBE-IIB on

STS-72wereincreasedto 40,30,20 °F in placeof 20, 5,0 ° F in all theotherspaceexperiments.

The heatingof the liquid which takesplacein microgravitythen has theeffect of varying the

temperaturedistributionsin the liquid at theonsetof boiling andduring thephenomenaof dryout

andrewetting.

In theexperimentsasconducted,apool of liquid, initially at a preciselydefinedpressure

andtemperature,is subjectedto a stepimposedheatflux from a semi-transparentthin-film heater

formingpartof onewall of thecontainersuchthat boiling is initiatedandmaintainedfor a defined

periodof timeataconstantpressurelevel. Transientmeasurementsof theheatersurfaceandfluid

temperaturesnearthesurfacearemade,noting in particulm-theconditionsat theonsetof boiling,

alongwith motion photographyof theboiling processin two simultaneousviews, from beneath

theheatingsurfaceandfrom theside. Theconductof theexperimentandthedataacquisitionsare

completelyautomatedandself-contained.Two spaceflights weresuccessfullycarriedout, with
eachoneconsistingof atotalof ninetestsatthreelevelsof heatflux andthreelevelsof subcooling.

Following thesuccessfuldevelopmentwork conductedduring the ground-basedactivity

underNASA GrantNAG3-663,which includedreducedgravitytestingin theevacuated5 second

droptowerat theNASA Lewis ResearchCenter,theresul:sof which werereportedin Ervin and
Merte(1991), Ervin et al (1992), andLee andMerte (1993), approvalwas given for a space

experiment. An EngineeringModel was developedby ttle NASA Lewis ResearchCenterfor
testing the feasibility of incorporating the experimentalconceptsdescribedin the Science

RequirementsDocumentby Merte(1989) into thespaceavailablein a Get-Away-Special(GAS).

Following the successfuldemonstrationof the operation of the Engineering Model, the
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constructionof a PrototypeVersionwasundertaken.This provedto operateso successfullywith

full testingin earthgravity thatwhen anopportunityfor anunexpectedearlyGAS flight cameto

light a requestwas madeto fly the PrototypeVersion. This was justified primarily as an

opportunityto furthertesttheheretoforeuntriedengineeringconceptsin thefacility, andto conf'n'm
the cameratimings which could not be determinedin the drop tower testing. The successful

acquisitionof anyexperimentalmeasurementswas thusviewedto bea bonus. This experiment

flew in theSTS-47onSeptember12,1992,andwasdesignatedasPBE-IA.

TheFlight Versionof theexperimentalapparatuswasdesignatedasPBE-IB, andflew in

theSTS-57onJune21, 1993. Subsequentto this, anotheropportunityfor a spaceflight with the

PrototypeVersionoccurred,whichwasapprovedanddesignatedasPBE-IC,andtookplacein the

STS-60onFebruary3, 1994.
Theexperimentalparametersin thesethreeflightsareidentical,with differencesonly in the

lengthof the individualtestrunsandthetimingof theon-off andspeedof thecamera,to optimize

theuseof thefixed film length. Whentheexperimentalresultsareexaminedin Merteet al (1996),

thefortuitousopportunityfor conductingtheseeminglysameexperimentthreetimes contributes

immenselyto authenticatingsomeof the conclusionsreached. By using the identical physical

facility, asbetweentheSTS-47(PBE-IA) andSTS-60(PBE-IC), the issueof repeatabilitycould

beaddressed.By usingaphysicalfacility with thesamedesignandfabricationtechniques,aswith

PBE-IBonSTS-57,thematterof reproducibilitycouldbeexamined.

TheFlightVersionof theexperimentalapparatusflew againasPBE-IIB in the STS-72on

February5, 1996andasPBE-IIA in theSTS-77onMay 19,1996,with theresultsgivenhere.

1.3 Basic Mechanisms of Pool Boiling

As stated above, consideration of any externally imposed flow field on the boiling process,

termed as forced convection boiling, is explicitly excluded here in order to:

(a) Eliminate an additional complicating variable from an already complex process

at the outset. Pool boiling is the limiting case of forced convection boiling as

the imposed velocity is reduced to zero.

(b) Minimize the possibility that certain weak effects would be overshadowed by

the kinetic energy associated with the imposed bulk liquid flow. The

supposedly weak effects were considered to consist primarily of

thermocapillary and molecular momentum forces.

In the general discussion of the basic mechanisms of pool boiling below, reference will be

made, as appropriate, to the new understanding of certain elements gained from the first three

space experiments conducted and reported in Merte et al (1996) and subsequent other technical

publications.
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1.3.1 Nucleate Boiling

Nucleate boiling may be characterized by the following:

(i) A liquid-vapor phase change occurs with the tormation of discrete bubbles at

individual sites.

(ii) The energy transfer rates are large with small temperature difference driving

potentials.

(iii) The process is inherently transient, although quasi cyclic repetitions are

possible with vapor removal mechanisms acting such as buoyancy.

Before a nucleate pool boiling system can attain the steady periodic behavior normally

observed in a gravity field, where buoyancy is the dominant vapor removal mechanism, the

process must pass through the transient phase referred to as nucleation, initiation or onset of

nucleate boiling. Before understanding the cyclic natur-_ of nucleate boiling, one must first

understand the elements of the initial transient process.

To provide a perspective of the relationship between the study conducted here and the

overall processes which constitute pool boiling, a qualitative physical description of the sequence

of events which occur is presented, beginning with the transient heating of a liquid at a solid-liquid

interface.

a. Conduction

With an initially static liquid the heat transfer process can be described by static thermal

diffusion alone until buoyancy, thermophorysis, thermocat_illary or other forces set the liquid in

motion. The rate of temperature rise and the temperature distributions in this early interval depend

on the nature of the heat source and the dynamic interactions with the system. The common

idealizations taken as limits in analyses are step changes in either temperature or heat flux at the

solid-liquid heater interface. The degree and extent to which the liquid becomes superheated

above its saturation temperature in a given time also depends on whether and by how much the

bulk liquid is subcooled. This temperature distribution will be modified by the onset of liquid

motion arising from natural convection or other disturbances. If the motion can be quantified,

computation of the temperature distribution will still be po:_sible. Comparisons between transient

measured heater surface temperatures and one-dimens!.onal predictions for the short time

microgravity in drop towers are given in Ervin and Merte (1993) and in Merte et al (1994), while

comparisons with three-dimensional computations for lonl;er microgravity times in space flights

are given in Merte et al (1996). By varying the heat flux imposed on the liquid and its initial

subcooling it becomes possible to control the temperature distribution in the liquid.
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b. Onsetof Naturalconvection

Natural convectionis driven by buoyancy,and its onset is describedin terms of an

instability, in which enervating disturbances are always present. Reducing the buoyancy by

reducing the body forces such as to microgravity delays the onset of the convection and reduces the

resulting convection velocities. Both of these serve to increase the temperature levels in the liquid

adjacent to the heating surface for a given heating time, regardless of whether the bulk liquid is

initially saturated or subcooled. The liquid temperature levels and distributions adjacent to the

heater surface are thus influenced by buoyancy, and in turn can influence the next two elements of

nucleate boiling: the nucleation and bubble growth rates. Comparisons between the predictions

and measurements in earth gravity using the techniques of the current experiments are given by

Oker and Merte (1978), while the observed consequences on natural convection of disturbances in

space flight, on the order of 0.3 milli-g lasting 2 seconds, are presented in Merte et al (1996).

c. Nucleation

Vaporization can take place only at an existing liquid -vapor interface, which then constitutes

the growth phase of nucleate boiling. If an interface does not exist it must be formed. The

formation of a vapor nucleus is called nucleation, and is classified either homogenous or

heterogeneous, depending on the presence of other components or species in the vicinity of the

nucleation. The circumstances under which nucleation takes place on a heated surface depends on:

(i) The Heater Surface Microgeometry. This can provide the crevices and

intergranular defects which serve as pre-existing interfaces. The temperature

levels required to activate these pre-existing nuclei have been modeled in

terms of thermodynamic equilibrium at curved liquid-vapor interfaces.

Assuming that the pre-existing interface has the form of a hemisphere of the

size of the surface defect , the liquid superheat required for subsequent

bubble growth can be related to the cavity size. The smaller is the cavity, the

larger is the heater surface superheat required for the onset of nucleate

boiling, and the larger will be the bulk liquid temperatures at the onset of the

next element of the boiling process.

(ii) The Solid-Fluid properties. This governs not only the temperature

distributions in both the heater and fluids, related by their respective thermal

properties, but also the surface energy relationships between the solid-liquid-

vapor, often expressed in terms of a contact angle or wettability.

(iii) The Liquid Temperature Distribution. This includes the solid-liquid interface

temperature, since this is one spatial limit of the liquid temperature. As

discussed under "b" above, the onset of natural convection governs the
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subsequenttemperaturedistributions,as doesalso the initial imposedheat

flux. Oncenucleationhasoccurred,thesubsequentbubblegrowth rateswill

begovemedby thebulk liquid temperaturedistributionat thistime.

As reportedin theresultsof Merteet al (1996) for pool boiling in long-termmicrogravity,

both heterogeneousandwhat hasbeentermedquasi-homogenousnucleationhavebeenobserved
fromthebacksideof thesameheatersurface: Heterogeneousnucleationwas defined for the

circumstanceswhere repeatingthe experimentproducednucleationat the identicalsite on the

heater surface,whereasunderothercircumstancesthenucleationtook placeat different random

locations,denotedas quasi-homogeneousnucleation. The latter process was associated with

higher heater surface superheats, and the influence of heat flux and system pressure used to

produce the bulk liquid subcooling are accounted for by a modification of classical homogeneous

nucleation theory. Details are given by Merte and Lee (1997).

d. Vapor Bubble Growth/Collapse

Vapor bubble growth requires that the liquid at the liquid vapor interface be superheated with

respect to the saturation temperature corresponding to the interfacial liquid pressure. The rate of

vapor formation, and hence bubble growth, depends on this superheat and on the liquid

temperature gradient at the interface, and thus on the liquid temperature distribution at the onset of

bubble growth. The interfacial liquid superheat governs the internal vapor bubble pressure, which

acts to move the bulk liquid away from the vicinity of the heater surface. In the dynamics of the

growth process this pressure is balanced in a complex manner by the liquid inertia, liquid

viscosity, buoyancy, and surface tensions. If the bulk liquid is subcooled, the pressure difference

can reverse with the subsequent collapse of the vapor bubble. The various forces acting in the

bubble growth/collapse can be summarized:

(i) Internal Bubble Pressure. This is governed by the liquid temperature

distribution, which in turn is influenced by buoyancy.

(ii) Liquid Momentum. This is sometimes referred to as bulk liquid inertia.

(iii) Buoyancy. The pressure differences associated with the liquid-vapor density

differences in a body force field act in addition to those natural convection

effects which influence the liquid temperature distribution.

(iv) Surface Tension. This includes both that occurring at the liquid - vapor

interface and at the liquid-solid-vapor interline.

(v) Viscosity. This refers primarily to the liquid viscosity acting in the vicinity of

the solid surface, but could include the viscous normal shear at the liquid

vapor interface away from the solid surface ir circumstances where the radial
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growth rateis very large. Vaporviscositycouldalsobea factor during the

very early periods when surface rates of vapor formation are large.

Since the liquid-vapor interface is deformable, the interfacial shape during growth will be

governed by the net balance of the dynamic forces acting at each point on the interface, and the

interface will not necessarily be spherical or hemispherical, as has been assumed in the absence of

capabilities for dealing with flexible interfaces.

Immediately following the initial nucleation process on transient heating in microgravity,

distinct differences in the subsequent propagation of the boiling front over the heater surface were

observed, which led to the definitions of six categories of boiling propagation. These are

described in Ervin and Merte (1993), Ervin et al (1992), and Ervin and Merte (1991). Three of

these categories have been observed only in microgravity, and of these three one gave rise to an

energetic vapor bubble growth accompanied by an unstable interface Such a violent or almost

explosive growth generally took place following the onset of the quasi-homogeneous nucleation

referred to in (c) above, and was associated with superheated boundary layers having the largest

energy content. This accompanied the lower levels of heat flux and longer nucleation delay times.

The physical appearance of such bubbles during the violent growth process was quite different

from that observed heretofore, taking on a roughened appearance over the entire interface. A

simple model was developed by Lee and Merte (1993), describing the liquid -vapor interfacial area

with roughness present in terms of a circular function to approximate the behavior of the rapid

bubble growth by modifying a previous solution developed without the interfacial roughness

present. The theoretical basis for the formation of the "rough" liquid-vapor interface is given by

Lee and Merte (1996a).

Comparisons of measured vapor bubble growths with computations for bubbles having

smooth interfaces are given in Lee and Merte (1996 b,c), where the heating under microgravity

conditions provided known temperature distributions around the bubble at the beginning of growth

from the critical size nucleus. It was found to be necessary to account for the geometry of the

heater surface used, as well as the applied heat flux mode used: In the absence of gravity heating

from a fiat surface produces a liquid temperature gradient normal to the heater surface. A vapor

bubble initiating its growth from the thermodynamic critical size in the immediate vicinity of the

heater surface then effectively grows in a uniform superheat environment parallel to the surface,

and in a non-uniform superheat environment perpendicular to the surface. In microgravity, it

appears that the growth in the early stages observed produces hemispheres, as a consequence of

surface tension effects. Based on a relatively limited amount of data to date, given in Merte et al

(1996), it appears that the growth during the early hemispherical phase can be described by a

constant proportioning of the growth between the two limits described by the initial uniform and

non-uniform superheats surrounding the bubble.



(e) Departure

Thesubsequentmotionof thevaporbubbledependson theneteffectof theforceslistedin

"d" above,plusaphenomenaassociatedwith simultaneousevaporationandcondensationacrossa

vaporbubble,referredto asa molecularmomentumeffect. This is relatedto themolecularkinetic

energynecessaryfor vapormoleculesto escapeor to be retainedat a liquid-vaporinterface. With

thermodynamicequilibriumthenetrateof evaporationand condensationis zero, but the normal

nucleateboilingprocessis highlynon-equilibrium.Thenetresultingmolecularmomentumforces

aregenerallyunobservablein thepresenceof the overwhelmingbody and other forces which

usuallyexist. Thebulk liquid momentuminducedby therapidbubblegrowth canact to assistin
theremovalof thebubblefrom theheatersurface. In microgravity,of course,buoyancyeffects

arereducedsignificantly.
With slowheatingin microgravity,thehigh liquid superheatat the initial nucleationresulted

in adynamicvaporbubblegrowthsuchthatsufficientmomentumwasimpartedto thesurrounding

liquid to causedepartureof a largevaporbubblefromtheheatersurface(Merteetal- 1996).

f. Motion FollowingDeparture

If thecircumstancesof theforcesactingon thevaporbubblearesuchthatdeparturetakes

place,thesubsequentmotiondependson thefollowing:
(i) Buoyancy

(ii) Initial velocityupondeparture.This velocityinducesmomentumin thebulk

liquid, whichmustbeconsidered,andcantendto acceleratethevaporbubble

if collapsetakesplace,or will deceleratethebubbleif it grows.

(iii) Degreeand distribution of liquid superheatand/or subcooling. The bulk

liquid temperaturedistributioncanactvia the liquid-vaporsurfacetensionor

Marangoni-inducedeffects,via thebulk liquid momentumeffectsassociated

with growthor collapse,togetherwith liquid viscosity,andvia themolecular

momentumeffects. In microgravity conditions, only buoyancy will be

changed,exceptfor its moreindirect influenceon thebulk liquid temperature
distribution.

1.3.2 Dryout (Film Boiling in Earth Gravity)

Nucleate boiling can take place only in circumstan,:es where the liquid substantially wets

the heater surface. This entails two implications. First, the liquid itself must be inherently wetting

on the heater surface. As observed and discussed by Merte (1967), it is well known, for example,

that mercury is generally non-wetting except for materials with which it forms amalgams. For the

operation of power generation plants with mercury boilers it was necessary to add traces of
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Magnesiumand Titanium to the mercuryto promotewetting and nucleateboiling in the boiler

tubes.Thesecondimplicationis thatthevaporgenerationrateandhencethe heatflux level is not

sufficientlyhighto reachthecriticalheatflux, sometimesreferredto asthe first boiling crisis, the

nucleateboiling maximum heat flux, or the burnout heat flux. A specific heater surface

temperature is generally related to this heat flux in earth gravity. If the heater surface temperature

exceeds this level, the high associated rate of vapor generation inhibits the liquid motion to the

heater surface and a decrease in the heat transfer rate takes place, hence the term maximum heat

flux. This decrease takes place because of the progressive increase in the dryout of the surface,

until finally the liquid is no longer in contact with the heater surface. This condition is then

referred to as film boiling, since in the buoyancy of earth gravity the vapor takes on the form of a

thin vapor film or boundary layer in contact with the heater, and departure of the vapor from the

vicinity of the heater occurs in various ways depending on the heater surface configuration and

orientation relative to gravity. The minimum heater surface temperature at which film boiling can

be sustained at its corresponding heat flux is referred to as the minimum film boiling heat flux, the

Leidenfrost point, or the second boiling crisis.

The so-called transition boiling region between the first and second crises can be

considered as a spatially averaged combination of nucleate boiling and film boiling. In the present

and prior works, the use of the transparent heater surface permits the direct viewing and

assessment of the relative proportions of the dry areas on the heater surface. The circumstances of

operation in the transition region taking place during pooling boiling in microgravity are

considerably less well-known and less well-defined than in earth gravity, and provided the impetus

for expanding the experimental parameters in the present study.

During the initial dynamic vapor bubble growth process in microgravity described briefly

above, almost complete dryout of the heater surface generally takes place as a result of the

evaporation of the highly superheated liquid in contact with the heater surface. This is invariably

followed by an inflow of liquid which causes rewetting of the heater surface. Whether the heater

surface remains wet thereafter depends on the combinations of heat flux and initial bulk liquid

subcooling.

The first boiling crisis is the maximum heat flux at which nucleate boiling occurs, where

the liquid continues to substantially wet the heater surface. The vapor must leave the vicinity of the

heater surface and the liquid must be able to flow in toward the heater surface to sustain nucleate

boiling. The first hydrodynamic model was proposed by Kutateladze (1952) on the basis of

dimensional analysis, and was later given a theoretical foundation by Zuber (1958) and Chang and

Snyder (1960). The second boiling crisis is that condition of film boiling in terms of the minimum

heater superheat (and the associated heat flux) at which no contact between the liquid and the heater

surface takes place. This can also be designated as the point at which dryout of the heater surface
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is complete. Basedon the hydrodynamicinstability thec,ry of Zuber (1958), Berenson(1961)

developedarelationshipfor theheatflux atthispoint.

As statedabove,theso-calledtransitionboilingregionbetweenthefirst andsecondboiling

crisescanbeconsideredasaspatiallyaveragedcombinationof nucleateboilingandfilm boiling, in

which thefractionalproportionsof f'dmboiling or dryout changefrom 0 to 1 over this domain.

This perspectiveneglectsthecontributionsof dry areasunderindividualnucleationsites, if such

exit. In anearlywork (DonaldandHaslam- 1958)thefractionaldry areaunderthe vaporbubbles

boilingonahorizontalwire 0.06inchesin diameterwasmeasuredin thenucleateboiling domain,

up to thecritical heatflux, using liquid electricalconductivemeasurementsbetweentheliquid and

theheatersurface.Forpurewater,with a smallamountof HC1addedto reducetheresistivity, it

wasfoundthat a linearrelationshipexistedbetweenthefractionaldry areaunderthebubblesand

theheatflux, reachinga valueof 50% at thecriticalheatflux. In theopinionof the writer, this

large a value at the critical heat flux is a consequenceof the departingvapor flow patterns

surroundingthesmallhorizontalcylinderheatersurface,andwould beconsiderablysmallerfor a

fiat horizontalheatingsurfacefacingupward.

Electricalimpedancemeasurementshavebeenusedextensivelysincethe abovework for

determinationof thefractionalwettedareain transitionboiling,bothfor poolandforcedconvection

boiling, primarily with water. DhugaandWinterton(1985)providea comprehensivereview, as

well asintroducingtheuseof anewcapacitativeimpedanceprocedure.Thefractionof wettedarea

wasmeasuredin thetransitionboiling regionfor a horizontalflat surfacefacingupward,usinga

transientquenchingtechniquewith a massivecopperheaterto pass throughthis region. The

results,presentedin theform of fractionalwet areaas a :_unctionof thewall superheat,exhibit
highly non-linearbehavior,with considerabledifferencesbetweenthe waterand methanolused.

Thecoppersubstratebodywasanodizedwith aluminumat theboiling surfacein orderto havethe

new techniquefunction, and it canbe anticipatedthat this in itself would influencetheboiling

process.

Theprocessesof thefirst andsecondboiling crisis, includingthetransitionboiling regime

between,canbegenericallydesignatedby a singleterma,'_dryout or wetting, dependingon the
directionin which the inherentlytransientor dynamicprocessis taking place. Basedon the

inability to operatesteadilyin anyof thesedomains,theyareconsideredto behighly unstableon a

localbasis,if not on a global basis. Thesehave receivedconsiderableattentionin the nuclear

power industrybecauseof possibleloss-of-coolant-accideats(LOCA), someof which canoccur

withoutimmediatedisastrousconsequences.Onesuchisdescribedby Beckeret al (1990), where

considerableeffort wasexpendedin trouble-shootingfollowing thediscoveryof damageto fuel

elementsduring refueling operations. The heat transfer processeswere modeled,and this

disclosedshortcomingsarising from the lack of sufficient understandingof the fundamentals
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involved. The understandingof conditionsnecessaryfor dryoutandrewetting is also important

for thereliableoperationof heatpipes,aspointedout in Petersonet al (1992).

When rewettingis desiredsubsequentto dryout, asmight takeplaceupon the loss of
coolantin thenuclearreactorcore, it is setin motionby gravity,eitherby thedownwardflow of

the coolingmediumover theheatersurfaceor by flooding the vesselfrom the bottom upward.

Most prior modelingof rewettinginvolvesolutionsof thetransientconductionin theheatersurface

usinga varietyof presumedboundaryconditionsat the liquid-vapor-solidcontactline. Recent

examplesmaybe foundin Hewitt andGovan(1990),Duffy andHughes(1991),andin Johannsen

(1991). Onefrequentlyusedboundaryconditionis thatthewall superheatat theonsetof surface

rewettingis almostconstant.Thiswasobservedtobe thecasein researchconductedby Inoueand

Tanaka(1991)with R-113,eventhoughtheheattransfercharacteristicsand rewettingmechanisms

changedastheflow patterschangedwith theflow quality.

Unaletal (1992)haveattemptedto unify theCriticalHeatFlux andthe"quenchingof hot

surfaces,"whichcanberephrasedto meanunifying thefirst and secondboiling crisis, by relating

bothprocessesto thesamegoverningmechanism- theabilityof theliquid to contacta hot surface.

Theconceptof acritical rewettingtemperatureis introducedin ordertojustify suchaunity. Sucha

hypothesisbasedsolelyoncurrentexperimentalobservationswouldneglectthe influencethatbody

forcesor gravityhaveon theseprocesses.It wasdemonstratedby Merteand Clark (1964) that
both thecritical heatflux andtheminimumfilm boiling heatare influencedby body forces. A

further indicationis given by the measurementsof the liquid-solid contactin film boiling by
Kikuchi et al (1992), in which suchcontactsare strongly influencedby both the depth of

immersionor hydrostaticpressureandthebulk liquid subcooling. Theseboth alsoinfluencedthe

onsetof theboiling into the transitionregion. In anexperimentalstudyof transitionboiling with

high velocityforcedconvectionby Penget al (1992), using R-11, it was demonstratedthat the

lengthin theflow directionoverwhichtransitionboiling andhencerewettingtakesplacedecreases

aseitherthevelocityor subcoolingareincreased.

1.3.3 Heat Transfer

From the prior results of the Pool Boiling Experiment (PBE) in the Get Away Special

(GAS), given in Merte et al (1996), the mean heat transfer behavior could be categorized as one of

the following cases, depending on the mean heat flux level and initial bulk liquid subcooling:

(i) Steady Nucleate Boiling. The heater surface was continuously "wet" by the

liquid, providing a continual process of apparent nucleate boiling at discrete

sites on the heater surface.

(ii) Dry-Out. The heater surface essentially became completely dried out, except

for a narrow region around the edges of the heater. The heater surface
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temperaturewas rising continuouslyduring tile lengthof thetest conducted,

but a steadytemperatureat a high level presumablywould be reached

eventually.

(iii) PartialDry-out. The heatersurfacebecamepartially dried out, or partially

wet, such that a quasi-steadyor slowly changingfractionaldry-out took

place. Thestateof dry-outwould increaseattimes,andthendecrease,but on

aslowbasis,hencethetermquasi-steady.

By using the meanheatflux over the entireheatersurfaceand the meanheatersurface

temperature,ascomputedfrom themeasuredmeanheaterfilm electricalresistance,the resultant

behaviorof this lattercasecanbeconsideredto be in the domaingenerallytermedas transition

boiling. This domainis highly unstable,with rapidchangesfor pool boiling in earthgravity, but

appearsto bereasonablystablein microgravity. Datain this domainarerepresentedin Figure 15

of Leeet al (1997). With completedryout in microgravity,correspondingto what is calledfilm

boiling in earthgravity,themeanheatflux levelwouldbeconsiderablylower thanthatrepresented

in the film boiling regionof this Figure 15. What is of particularnotehere,however, is the

considerableenhancementof thenucleateboilingprocessin microgravityoverthatin earthgravity.

This is attributedto theactionof the liquid layerunderlyirg the largebubblesomewhatremoved

from the heatersurface. It wasnotedthatdefiniterelatior_shipsexistbetweenthetransientmean

heatersurface temperaturesand the heat transfer coefficients,with the surface temperature

decreasingas the heattransfercoefficientincreases,andvice versa. Theseserve to indicate,

qualitativelyatpresent,themodesof heattransferbetweentheheatersurfaceandfluid: conduction

to theliquid; nucleateboiling;conductionto thevaporphase(termeddryout); andcombinationsof

thethreeforgoingmechanismsbasedonthefractionalpartof theheatersurfaceoverwhich eachis
acting. From the photographicdata taken through the transparentheatingsurface from the

underside,it is possibleto discernquitedistinctlythoseportionsof the heatersurfaceon which

dryouthastakenplace.

2. EXPERIMENTAL CONCEPTS AND PARAMETERS

The study conducted here is intended to assist in extending the understanding of the

mechanisms of nucleate pool boiling. Because of the complexity associated with the conduct of

research in a microgravity environment it is essential to ,::stablish a well defined "bench mark"

which will not require repeating, insofar as is practicable irL view of present understandings. The

availability of a reasonably long period of quiescence prior o the onset of each test means that the

initial state at the onset of heating and at the onset of boiling (nucleation) can be well-defined. The

availability of relatively long test periods for each run, with a maximum value of 4 minutes selected
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hereasacompromise,permitsthecombinationsof low heatflux andsubcoolingthatrequiremore

than the 5 secondspreviouslyavailablein a drop tower for the inceptionof boiling, and also

permitstheobservingof long-termvapordynamicbehaviorfollowingthetransientbubblegrowth.
The4 minutemaximumwasdeemednecessaryastheheatflux levelswerereducedbelowthe prior

minimum,whichheretoforehadrenderedthe2minuteperiodasadequate.

The elementsof pool boiling for which researchconductedunder microgravity would

advancethebasicunderstandingarestatedin brief here:
(i) Nucleationor onsetof statedboiling. Prior researchhasindicatedthat both

heatersurfacetemperatureandtemperaturedistributionin liquid arenecessary
to describenucleation,in additionto thecharacterof theheatersurfaceitself.

(ii) Thedynamicgrowth of a vaporbubblein thevicinity of the heatersurface.

This includesthe shapeas well as motion of the liquid-vapor interfaceas

growth is taking place. Theseare influencedby the liquid temperature

distributionatthe initiationof growth.

(iii) The subsequentbehaviorof the vapor bubble. This includes the motion,

whetherdeparturetakesplace,whethertheheatersurfaceremainswettedby

theliquid ordriesout,andtheassociatedheattransfer.

Eachof thespecificfeaturesof theexperimentwere selectedso asto providedatawhich
will be consistentwith and maximizethe objectivesof improving the basic understanding

embodiedin theseelements.Thesefeaturesaredescribedindividuallybelow.

2.1

(a)

(b)

Geometry_ and Configuration

Pool boiling. This eliminates the complications associated with having an

external flow field superimposed on that generated by a growing/collapsing

vapor bubble.

Large flat heater surface. A flat surface avoids poorly defined local surface

tension effects associated with curved interfaces, and a transparent substrate

can permit viewing from beneath the heater surface. A size as large as

possible consistent with other constraints is desirable in order to minimize

edge effects, and to permit a reasonable degree of axial symmetry of the vapor

bubble as it grows to a quasi-steady condition. Additional considerations

associated with large fiat heater surfaces are:

(i) With heating from curved surfaces, different liquid flow patterns

will occur during bubble growth depending on whether the

liquid is on the convex or concave size.
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(ii) With fiat surfaces,whichmayalsobeapproximationsof curved

surfaces,the orientationwith respectto the body forcevector

will affecttheflow behavior,down to ,;ome(asyet) unknown

body forcelevel.
(iii) Thefluid motionwith largesurfaceswill differ dependingon

whetherthesurfaceis heateduniformlyor locally.

Onefurther facetof vaporbubblenucleationandgrowth as influencedby surfacetension

and relatedto geometrycanbe mentionedhere. The superheatthat the liquid acquiresin the

boundarylayeradjacentto theheatersurfacecanbe considerable,prior to nucleation. It is thus

possiblefor the vapor formed initially to completelyenvelopethe heatersurface. With certain

configurationssuchassmallwiresor cylindersit ispossiblethatsubsequentsurfacetensioneffects

will maintainastable"pseudo"film boiling processonly becauseof theparticulargeometryused.

It is expectedthatevenif film boiling becomessuppressedto nucleateboiling on a smallwire or

cylinder, thermocapillaryandsurfacetensioneffectsandthe resultingheattransferwill be quite
differentthanwith flat surfaces. Observationsmadeby Weinzierland Straub (1982) that pool

nucleateboiling is uninfluencedby changesfrom earthgravity to microgravityarebelievedto bea

resultof the largesurfacetensioneffectsassociatedwith thefine wire used, so thatbuoyancyis

indeedrelativelyunimportant.
(c) Transparentheatersurface. This permits the observationof the detailed

behaviorof theboiling processfrom beneaththeheatingsurface,including

rewettingof theheatersurfaceandpossiblythe microlayerbehavior,without

distortionsdueto interveningliquid-vaporinleffaces. Simultaneousviewing

of thebehaviorof the liquid-vapor interfacesfrom the side providesdetails
otherwisenotobservable.

(d) Thin-film heater. Using thetechniqueof a thin gold film as a simultaneous

heaterandresistancethermometerprovidesawell-definedheatflux andmean

temperatureatapreciselocationattheheater,urface, aswell asa transparent
heatersurface.

2.2 Fluid

Thefluid to beboiledmustbenon-conductingatpresent.Thefluid is in directcontactwith

theelectricalresistanceheatsource,andaconductingfluid suchaswaterwouldquicklydestroythe

thin fdm surface. For energyconservationin theconductof the experimentand conveniencein

comparingresultswith groundtestsit isdesirablethatthe fluid have a boiling point in the vicinity

of earth ambient temperatures at near atmospheric pressures. It is further desirable that the fluid

used initially have wetting characteristics with the heater surface such that the contact angle is
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relativelysmall,in orderto evaluatefluids expectedto be earlycandidatesfor spaceuse,suchas

cryogenicliquids. The fluorocarbonR-113meetstheserequirements,andits propertiesarewell
established.

2.3 Controlled Variables:

(a) Pressure. This defines the liquid saturation temperature, and maintaining it

constant keeps the temperature at the liquid-vapor interface constant at the

saturation level during the transient process. The pressure level also defines

the initial liquid subcooling.

(b) Initial uniform temperature in the bulk liquid. This permits the precise

calculation of the temperature distribution in the liquid at the onset of boiling,

in the absence of buoyancy.

(c) Step change in a uniform heat flux. This permits the ready computation of the

temperature distribution in the liquid at the time of nucleation. A constant

imposed heat flux provides a well-defined temperature gradient in the liquid at

the heat transfer surface. Additionally, it is possible to construct all other

desired functional behaviors in heat flux from combinations of step changes.

(d) Length of test. Each individual test should be as long as possible consistent

with compromises arising between the internal volume of the test vessel,

heater surface size and heat flux, so that a reasonably quasi-static condition

can be attained when the early dynamic growth transients are completed.

Additionally, certain liquid temperature distributions at the time of nucleation

will only be possible with low levels of heat flux, which will require relatively

long test periods to achieve nucleation. Independent control of the initial

liquid subcooling and imposed heat flux permit the independent variation of

the transient temperature distribution in the liquid.

2.4 Measured Parameters:

(a) Bulk liquid temperature distribution. This is necessary to be assured of the

uniformity of the initial temperatures.

(b) Transient temperature of the thin film heater surface. During the non-boiling

phase, this serves as an indication of the presence/absence of natural

convection effects. During the boiling phase this provides a means for

computing the net mean heat flux to the boiling fluid. It also provides a

measure of the effectiveness of the boiling heat transfer process.
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(c) Local system acceleration. This is necessary to assess the presence/absence

of uncontrolled acceleration forces acting on the experimental vessel.

(d) Precision current/voltage drops across the thin film electrical heater. This

permits computation of the heater resistance and hence mean heater surface

temperature, as well as the heat flux.

(e) Photography. This enables the determination _)f the time interval between the

onset of heating and boiling, along with the transient growth of the vapor

bubble and its subsequent motion, as a function of the initial liquid

temperature distribution, governed by the heat flux and initial liquid

subcooling.

The specific technical requirements for the experiment, taken from the Addendum to the

Science Requirements Document of June 1994, are listed in Table I. These are identical for each of

the two flights with the exception of the Test Heat Flux and Nominal Test Temperature levels, both

of which are listed. The Test Heat Flux levels in the left hand column were used in PBE-IIB on

STS-72, with the Nominal Test Temperature level of 37.8°C; The Test Heat Flux levels in the

right hand column were used in PBE-IIA on STS-77, with the Nominal Test Temperature level of

48.9°C.

The vapor-pressure equation and coefficients used lor the R-113 are given in Table II. The

commercial R-113 was purified and degassed by distallation, filtering, and freezing under a

vacuum on stainless steel fins cooled to liquid nitrogen ternperatures. The apparatus used is shown

schematically in Figure 2.1. The distillation was repeated, and followed by measurement of the

vapor-pressure under equilibrium conditions. The R- 113 was deemed to be adequately degassed

when the measured vapor-pressure corresponded to that given by the equation in Table II to within

_+0.025 psia for temperatures measured to within a calibratl::d accuracy of _+0.1 °F in the laboratory.

The Resistance-Temperature relationship for th,_ heater surface was determined by

calibration over the anticipated temperature operating range prior to installation in the experiment

test vessel. Prior experience had demonstrated that a linear relationship was entirely adequate.

Although maximum laboratory absolute measurement unc_,rtainties of +I°F(+0.6°C) in the mean

heater surface temperatures were attained, these were inc,'eased to +3°F (+1.7°C) for the space

experiments. However, instrumentation equipment sensitivities were requested to detect changes

in heater surface temperatures of +l°F (+0.6°C), if not the absolute uncertainty. To reduce the

uncertainties, a single point calibration was conducted prior to each test run of the test matrix,
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using theprevailingequilibrium systemtemperatureas an anchorpoint of the linearcalibration

curve. A post-flightcalibrationwasconductedfollowing theSTS-77(PBE-IIA), andincludedthe

calibrationof thepower supplymeasurementssimultaneously.Thechangein theR-T slopewas

negligibly small, and the absoluteshift was compensatedby the procedureof a single-point

calibrationprior to eachrun.
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TableI

Specific Technical Requirements

Parameter

Test Fluid

Heating Surfaces

Test Heat Flux

Test Chamber

Temperature Uniformity

Nominal Test Temperature

Pressure Control

Heater Power

Temperature Sensor

Data Requirements
Heater V & I

Temperatures
Pressure

Acceleration (3 Axis)

Data Requirements

Photography

Clock

Requirement

Fluorocarbon R- 113

19.05mm x 38.1 mm (3/4" x 1-1/2") Gold on Quartz
(7.25 cm 2 ) Nominal thickness corresponding to a
resistance of 3.8 + 0.2 ohms (Approximately 400
Angstroms), uniform to + 5% desired.

2 w/cm 2 (14.5 w)
4 w/cm 2 (29.0 w)
8 w/cm 2 (58.0 w)

2 w/cm 2 (14.5 w)
1 w/cm 2 (7.3 w)
0.5 w/cm 2 (3.6 w)

15.2 cm (6") Dia. x 10.2 cm (4") High

+ 0.22°C (+ 0.4°F)

48.9°C (120°F); 37.8°C (100°F)

+ 690 N/m 2 (+ 0.1 psi)

Constant voltage + 1%. Heater calibration current

should not raise heater temperature more than 0.11 °C

(0.2°F).

12 Sensor Locations

3 Vicinity of c_ach Heater Surface
3 in Bulk Liqaid
2 on the Rear of Heater Substrate

1 in surrounding area behind substrate

V, I, Time...(19 parameters).
+ 0.1% Meas. Accuracy, but with a sensitivity of
+ 0.03% x a full scal_:

+ 0.06°C (+ 0. I°F)Meas. Accuracy

+ 345 N/m 2 (+ 0.05 psi) Meas. Accuracy

Levels less than 103_; desired
Time correlated to ex_rimental elapsed time
Sample Rate - 10 Hz
Accuracy- + 10 .4
Range- 10 .2 thru 10_g
Frequency - D.C. thru 2.5 Hz

100 pps, 10 pps, 0.18 mm (0.007") Resolution

Nearest 0.01 Sec. Eh_psed Time
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Table II

Coefficients for the Vapor-Pressure Curve for R-113

(From Mastroianni et al, 1978)

£np=A+--+CT+DT 2+(E) (F T) £n(F-T)]
T

where:

p = pressure = psia

T = Temperature in °R = °F + 459.67
A = + 23.428348
B = -9095.6033
C = -0.012548607
D = +5.3391227 x 10 -6

E = + 0.14025795
F = 878.48416

_'nx = Natural logarithm of argument x.
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3. HARDWARE DESCRIPTION

3.1 Heater Surface

A sketch of the transparent gold film heater is shown in Figure 3.1. Two separate heaters

are mounted on each surface, identified as the primary and backup heaters, and configured so that

should the primary heater fail the backup heater is automatically activated for the next test run of the

matrix. A nominal film thickness of 400 Angstroms in the heater section of size 0.75" x 1.50"

(19.1 mm x 38.1 mm)corresponds to a nominal resistance of 3.8 ohms, and provides the desired

transparency for viewing the boiling process from beneath. Power to the heater is provided by

Silver-Zinc batteries, and the voltage is controlled, with the voltage drops across the potential taps

and the calibrated shunt resistor (for the current measurement) stored in the data acquisition

system. The instantaneous heat flux input and the mean heater surface temperature are computed

from the voltage drop across the potential tap and the current.

The backup heater was used in both the PBE-IIB and IIA (STS-72 and -77), which is the

same heater used from the onset in the PBE-IB (STS-57) because of the presence of a persistent

premature nucleation site on the primary heater, observed during pre-flight testing.

Calibration of both the primary and backup heaters took place prior to installation in the test

vessel over temperature ranges of66°Fto 152°F (18.9°C to 66.7°C). Only the heaters used in the

flight experiments were calibrated following the completion of the experiment. The electrical

resistance - temperature follows a linear relationship within +I°F (+0.6°C), well within the

precision tolerances specified.

A slope - intercept equation of the form:

:T = A + B×-R (3.1)

is used to compute the mean heater surface temperature T from the mean resistance R measured.

The coefficient B is the slope, while A is the intercept at R=O. A single-point calibration is

conducted just prior to each Run of the test matrix, using the bulk liquid temperature measured

with a calibrated thermister in the immediate vicinity of the heater surface, 1 mm away. This is

used to modify the coefficient A for each Run, using an appropriate value of B, which generally

was found to change relatively line with a suitably aged heater surface. The surfaces were

calibrated again over the entire temperature range following the experiments, and a new value of B

obtained. The single-point calibration procedure significantly reduces the effects of any large

changes in B taking place over a period of time. The values of A and B for each of the experiments

are given in Table III below. It is noted that a significant change took place in the coefficient B for

the Backup Heater in the PBE-IB. This was a consequence of insufficient operation with this

heater prior to the space experiment, and so the post-flight value of B was used for data reduction.

23



It was determinedthat a differenceof only 1.5°F (0.8"C) existed betweenthe single point

calibrationand the post-flight calibrationvalues. The post-flight calibrationof the STS-72

experiment(PBE-IIB) differs from thatof theSTS-77experiment(PBE-IIA) becausethe heater

power supply and heatersurfacearecalibratedas integral units, and a different heaterpower

supply was used betweenthese two experimentsbecauseof the large differencesin power

requirements.
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Table III. Heater Surface Calibration Coefficients

PBE-IB (STS-57) A(°F)
Pre-Flight B(°F/ohm)

PBE-IB (STS-57) A(°F)
Post-Flight B(°F/ohm)

PEB-IIB(STS-72) A(°F)
Pre-Flight B(°F/ohm)

PBE-IIB(STS-72) A(°F)
Post-Flight B(°F/ohm)

PBE-IIA(STS-77) A(°F)

Pre-Flight B(°F/ohm)

PBE-IIA(STS-77) A(°F)

Post-Flight B(°F/ohm)

-1489.44
460.635

-1356.92
427.32

-1375.38
433.58

-1322.05
420.09

-1369.08
430.75

-1379.77
435.06
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3.2 Test Vessel

A schematic of the test vessel is shown in Figure 3.2, together with the hardware concepts

necessary to provide a constant pressure and an initially uniform fluid temperature during each

Run. Although the stirrer was intended to be activated only between the various runs of the matrix

in order to promote the uniformity of temperature of the fluid, it was also activated toward the end

of several runs so as to observe its influence on the vapor bubbles and, in some cases, on the heat

transfer.

Figure 3.3 shows the locations of the various sensors used to determine the behavior of the

boiling process. PRHV and PRHI are the primary heater voltage taps and current readings, while

BRHV and BRHI are the respective values for the back up heater, which was used for both PBE-

liB and -IIA. TM01 - TM03 and TM07 - TM09 are thennisters above the primary and back up

heaters to measure the respective fluid temperatures, at locations 1 mm, 5 mm, and 10 mm above

the center of each heater. The thermister beads have a maximum diameter of 0.6 mm, and are

stated by the manufacturer as having a time constant of 23 msec when plunged into water. The

respective locations of TM04 - TM05 - TM06 are given in Figure 3.4 as A, B and C, and are

provided to check the uniformity of fluid temperatures prior to the beginning of each Run.

Thermisters TM12 and TM11 are cemented to the quartz substrate on the side opposite the

gold film, at the center of the primary and back up heaters, respectively, while TM13 is in the

canister air space very near the quartz substrate backside.

Figure 3.5 gives the relative locations of the in:ernal components of the test vessel,

including the viewing and lighting windows. The lightiag is diffused internally for maximum

clarity. The maximum internal dimensions of the R-113 chamber are also given, as 14.48 cm

diameter by 11.5 cm long, which implies that the maximum diameter of a vapor bubble that can be

accommodated without pressing on the heater surface is about 12 cm.

Figures 3.6 and 3.7 present the side and front views of the entire system components

within the GAS canister, with the optical path followed to the 16 mm camera, which has a 400 ft.

film capacity. This gives a total of approximately 18,000 f_'ames, which must be budgeted among

the various Runs.

3.3 Accelerometer System

A Space Acceleration Measurement System (SAMS) type triaxial accelerometer

head is included in the payload, shown in Figure 3.7. This provides accelerometer data in the

direct vicinity of the test chamber. The use of an internal a,:celerometer also eliminates the need to

correlate experiment data with a remote acceleration measurement system. Three Sunstrand

QA2000-030 accelerometers are used. The manufacturer resolution specification for this model is
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1micro-g,andtheaccuracyis givenas+100 micro-g, found by using the root sum of squares of

the various stabilities (thermal, shock and time).

A typical correlation between the accelerometer outputs and the local and vehicle

coordinates is given in Figures 3.8 and 3.9, for PBE-IA on the STS-47. The upper right view in

Figure 3.9 is taken through the heater surface, viewed from left to right in the right side of Figure

3.5, while the upper lift view is taken from the side', viewed from the bottom side of Figure 3.5.

The coordinate directions shown in Figure 3.9 are the same for all the space experiments.

3.4 Optical System

The views in the upper part of Figure 3.9 are obtained by combining the images, as

illustrated in Figure 3.6. Also within the camera field of view, seen in Figure 3.9 are LED timing

lights for synchronization with the Data Acquisition Unit. The binary code used for time is given

in Figure 3.10.
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Figure 3.2. Schematic of Test Vessel with concepts to provide constant pressure and
initially uniform fluid temperature.
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PBE/_3 AX_[S TRANSLATION

3ED-PBE-]]DC-O£8

PBE STS SAMS

+Y +X +Y

+Z +Y -X

+X +Z +Z

+Z signal indicates that acceleration

is in direction indicated above.

e.g., - this decreases buoyancy moving

vapor bubble _ from heater,

or would move the vapor bubble

toward heater.

TAIL

P_E

@
SAMS

GAS .=-RIDGE

ASSEMBLY

(SMIDEX Rack 9)

+Y \

/
÷X

+Z

STS-47

<?.x
÷Y I +Z

NOSE

Figure 3.8. Typical correlation between coordinates of the PBE accelerometer and SAMS
STS units. Above applies to PBE-IA (STS-47).
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Acceleration coordinate for the space experiment

* The above figure shows both side view in left hand side and bottom view in right hand

side.

Figure 3.9. Correlation between PBE-1A accelerometer and photographic view on STS-47.

Primary heater in use on left side.
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4. TEST MATRICES

The test matrices followed for the PBE-IIB-IIA on the STS-72-77 are given as Tables IV

and V, respectively, below. The nominal levels of heat flux input (in w/cm 2) and the initial bulk

liquid subcooling (in °F) are given for each Test Run, followed by the timing sequences used. The

test is initiated with the heater power at 10 seconds. The camera is operated at the maximum speed

of 100 pps in the time domain when nucleation is expected to occur in microgravity, based on the

prior drop tower testing and prior space experiments, and then followed by operation at 10 pps

during the remainder of each Experiment Run for PBE-IIB, The total number of frames in a 400

ft. roll of 16 mm film is approximately 18,000, so careful consideration was given as to how these

were divided amount the various Runs in order to maximize the opportunities for new knowledge.

For PBE-IIA, the camera was run only at 10 pps, since the uncertainty of the nucleation time was

too large with the low levels of heat flux used here.

The early bubble growth following nucleation was not captured at 100 pps for Run No. 2

of PBE-IIB (STS-72), with nucleation occurring at t* = 25.44 sec. (15.44 + 10), while the 100 pps

took place during the 15-25 sec. interval, nor was it captured in Run No. 5, with t* =25.02 sec.

(15.02 +10), while the 100pps took place during the 15-25 sec. interval. In both of these cases

nucleation occurred just following the time when the cam_ra speed was reduced to 10 pps. The

subcoolings were considerably larger than that used previously, which increased the heating period

more than anticipated. Since these so-called nucleation delay times were considerably longer than

the 5 second microgravity period in the NASA-Lewis Research Center vacuum drop tower, it was

not possible to confirm the times prior to the space experiments.

The nucleation points were missed by considerably larger margins for the 100 pps camera

speed period in Run No's 6 and 9 in PBE-IIB (STS-72). The nucleation in Run No. 6 occurred at

t* = 67.64 sec. (57.64 + 10) while the 100 pps photograpay took place in the interval 30-50 sec.

This run had the same larger subcooling of 30°F as Run No. 5, but the nominal input heat flux

was only one-half as large, resulting in a magnification of the effect of subcooling, compounded

by the effect of pressure on nucleation, unrecognized at that time. This is clarified by the

discrepancy in Run No. 9.

Run No's 7, 8, 9 in PBE-IIB (STS-72) are identicaL1 to Run No's 1, 2, 3 in PBE-IB (STS-

57) in the nominal levels of heat flux and subcooling used, except that the nominal bulk liquid

temperature was 100 °F (37.8 °C) instead of 120 °F (43.9 °C) for the latter case, in order to

achieve the higher levels of liquid subcooling desired _ithout modifying the pressure control

system. This had the effect, of course, of having these two, sets of experiments operate at different

pressure levels, even though the heat flux and liquid _,ubcoolings were the same. A direct
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comparisonis givenin TableVI belowbetweenthecorrespondingresultsof RunNo. 3 of PBE-IB
(STS-57)andRun No. 9 of PBE-IIB (STS-72),in which theidenticalhardwareis used,but the

systempressureis different. In reducingthesystempressurefrom 149.26kPato 110.66kPathe

nucleationdelaytime (the intervalbetweenthe onsetof heatingand nucleation)increasedfrom
23.63 sec. to 62.39 sec., with a correspondingincreasein the heater surfacesuperheatat

nucleationfrom 37.0°Cto 59.8°C. The analysis of the influence of system pressure on nucleation

is presented in Merte and Lee (1997), and more detailed results will be given below.

The repressurization in Run No. 6 of Table IV should have taken place in Run No. 5. As a

consequence, this repressurization took place before the onset of nucleation, and the system

pressure and bulk subcooling were different than originally planned, and is as given in Table IV.

Run No. 6 in Table IV is a virtual repeat, although inadvertent, of Run No. 3. Detailed

comparisons will be given below.

As can be noted in Table V, the camera speeds for PBE-IIA on STS-77 were all maintained

at 10 pps, since the imposed heat flux levels were all at qt=2 w/cm 2 or lower, and the nucleation

delay time uncertainty was too large to warrant the use of higher framing rates. Nucleation did not

take place at all for Run No. 3, with the lowest imposed heat flux of qt = 0.51 w/cm 2 and the large

level of subcooling ATsub = 11.0°C, in spite of an active heating time of 240 sec. The mean heater

surface superheat at the end of the heating time reached only AT_ _-- 12 °C. For the same low level

of heat flux but lower subcooling levels, the nucleation delay time for Run No. 6 was t* = 190.5

sec., and for Run No. 9 was t* = 215.2 sec. The corresponding bulk liquid subcoolings were

ATsu b = 2.7°C and ATsub = 0.2°C, respectively.

The stirrer was activated in a number of cases near the end of the Runs in order to

determine the influences of the relatively weak random liquid motion on the vapor bubble behavior

in microgravity, initially attached to the heater surface. Qualitative effects on the heat transfer were

also obtained. For Runs with subcooled liquids, the stirrer operation produced rapid condensation

of the vapor bubbles, which otherwise persisted for long periods of time because of the low

thermal conductivity of R- 113.

The repressurizations taking place with the initially saturated liquid case in Run Nos. 7-9 of

PBE-IIA (STS-77) were planned in order to obtain additional data for vapor bubble collapse in

microgravity. However, in these cases the collapse process became chaotic; surface tension forces

were not sufficient to provide a reasonably smooth single vapor bubble.

Pre-flight ground tests for PBE-IIB (STS-72) were conducted conforming to the test

procedure and matrix given in Table IV with the heater surface in both the inverted position, at
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g=-1, and in the normal upward facing position, at a//g = +1, in order to confirm that the

system components functioned properly, and to provide normal gravity data with which to

compare the microgravity boiling behavior. No post-fligh,: tests were conducted with this matrix

because of the time requirements necessary to prepare the same hardware for the subsequent space

experiment.

Both pre-flight and post-flight ground tests for PBE-IIA (STS-77) were conducted

conforming to the matrix given in Table V, with the heater surface in both the inverted position, at

_/g=-I, and in the normal upward facing position, at _/g = +1, to confirm that the system

operated reproducibly following the space flight. The data are included in the Appendix.
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Space PBE-IB PBE-IIB
Experiment (STS-57) (STS-72)

Run No. 3 Run No. 9

q"r _cm 2 2.03 2.04

ATsu b °C 11.0 11.1

P Kpa 149.26 110.66

Tsat °C 59.7 50.2

Tbulk °C 48.7 39.1

t" See. (Nucleation 23.63 62.39
delay time)

T] °C (Mean heater 96.7 110.0

superheat
temperature at
nucleation)

AT,_ °C (Mean heater 37.0 59.8

superheat at
nucleation)

Table VI. Comparisons between two experiments identical except for system pressure (saturation
temperature) and bulk liquid temperature.
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• EXPERIMENTAL RESULTS

5.1 Measured Parameters

5.1.1 Internal to Test Vessel

Table VII gives the parameters as measured for each of the Runs of PBE-IIB during the

pre-flight tests at a/g = -1 and a/g = + 1, and during the STS-72 Space Flight. These are identified

in each Run No. by the date conducted and the orientatien. Following this are the nominal and

actual levels of input heat flux, followed by the nominal and actual initial bulk liquid subcooling.

The initial bulk liquid temperature is virtually constant, and the subcooling is changed by varying

the system pressure, which changes the saturation temperature, as indicated in the succeeding

columns of Table VII. T,_, T_p and t* are the mean heater surface temperature, the mean heater

surface superheat, and the time interval from the onset of heating that nucleation or the onset of

boiling takes place, respectively. The last column gives the high speed camera on-off times relative

to the heater power on.

Table VIII gives the measured parameters for each of the Runs of PBE-IIA (STS-77).

Details of the measurements are given in Appendices A anc B for PBE-IIB, -IIA on the STS-72, -

77 respectively, and Tables VII and VIII are repeated there! n for convenience.

5.1.2 Accelerometer

Tables IX and X list a summary of the relatively larger acceleration excursions measured

during each of the runs in the PBE-IIB-IIA of STS-72-7 q' respectively. The accelerometer units

here are given as micro-g's, and the heating for each Rur_ begins at 10 seconds. Accelerometer

measurements were made prior to the onset of heating to determine if any disturbances might be

carried over to the test period. No consistent observable effects were noted at the times indicated in

Tables IX and X either in the vapor bubble boiling behavior, from the motion picture films, or in

the heat transfer behavior as might be reflected in the heater surface temperature measurements.

The interface motions during boiling are reasonably in,:ense, and the relatively large surface

tensions acting are believed to mask influences of the,;e residual acceleration levels, having

maximum values on the order of 0.2 milli-g's. Any devia:ions from the background least reading

of +1, as indicated by the term noise levels were recorded.

Since the system hardware design for these expec ments was identical to that for PBE-IA

on STS-47, the orientation of the triaxial accelerometer relative to the heater surface is the same as

that given in Figure 3.9.

The effect of the larger excursions in acceleration would be detectable only in special

circumstances where a particular sensitivity to buoyancy exists, for example parallel to the heater

surface with vapor bubbles present.
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RUN # Time, sec Peaks

1 no

2 no

3 70.5 yes

3 70.8 yes

4 no

5 15.9 yes

5 16 _¢es

5 16.3 yes

5 42.7 yes

6 no

7 no

8 7.9 yes

8 8.1 yes

8 8.4 yes

8 8.7 yes

8 9 yes

8 9.3 yes

8 9.5 yes

8 9.9 yes

8 34.5 yes

8 79.9 yes

9 14.9 yes

9 15.2 yes

9 15.5 yes

Maximum Acceleration value Noise

X

47
Y
25 51

47 50 77

47 25 152

24 0 152

47 50 77

148 50 0

148 25 25

147 25 26

47 25 127

47 75 51

50 50 77

0 25 178

47 50 152

47 50 178

0 25 153

0 50 177

47 50 152

0 50 127

23 0 152

47 0 152

0 25 152

0 25 127

47 0 152

0 0 152

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

Notes: (1) Accelerometer units are given as micro-g's.

(2) Heating in each run begins at t = 10 sec.

Table IX. Summary of relatively larger acceleration excursions during PBE-IIB
in STS-72 Flight.
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RUN # Time, secPeaksMaximumAccelerationvalueNoise
x y z

1 105.0 yes
1 110.2 _,es
1 110.4 yes
1 115.0 yes
1 115.1 )tes
1 115.2 _¢es
1 115.3 _,es
1 140.4 yes
1 140.5 _,es
1 140.6 _¢es
1 140.7 _,es
1 140.9 yes
1 141.0 _,es
1 141.3 yes
1 183.3 _,es
1 183.4 _,es
2 111.9 yes
3 70.5 yes
3 70.8 yes
4 no
5 15.9 yes
5 16.0 yes
5 16.3 yes
5 42.7 yes
6 no
7 no

8 7.9 yes
8 8.1 yes
8 8.4 yes
8 8.7 ),es
8 9.0 _,es
8 9.3 yes
8 9.5 yes
8 9.9 yes
8 34.5 yes
8 79.9 _,es
9 14.9 yes
9 15.2 yes
9 15.5 yes

31 100
6 119 24
18 119 24
18 106 27
18 131 1
6 106 1
18 106 1
166 156 75
240 181 50
18 156 77
56 181 128

i

166 19 50

166 94 75

117 19 100

18 69 103

43 19 103

50 11'7 26

47 25 152

24 0 152

47 50 77

148 5(I 0

148 25 25

147 25 26

47 25 127

47 75 51

50 50 77

0 25 178

47 50

5047

152

178

0 25 153

0 50 177

47 50 152

0 50 127

23 0 152

47 0 152

0 25 152

0 25 127

47 0 152

0 0 152

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

cA

, d

t_

°,.-I
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"3 E
d:Z
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Table X. Summary of relatively large acceleratiort excursions during PBE-IIA in STS-77

Flight.
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5.2 Test Matrix Results Organization

The experimental data, including representative photographic views from the films, for

each of the nine (9) Runs of PBE-IIB and -IIA conducted in the microgravity of space on the STS-

72 and -77 are given, respectively, in Appendices A and B. The organization of these two (2)

Appendices are parallel with respect to the Figure Numbers, Titles and Subjects treated, so the

contents of only Appendix A will be described in some detail here. Comments on the behavior and

special differences observed in the experiments will be deferred to the following discussion

section.

The test matrix, measured parameters and summary of relatively large acceleration

excursions are repeated in Appendix A as Tables A-l, A-II and A-Ill, respectively, for convenience

in reviewing the results.

Each of the Figures A-1 through A-6 and A-9 through A-13 are subdivided as a - i,

corresponding to Run Nos. 1-9, and follow the sequences of Tables A-l, A-II, A-Ill.

Figures A-la --- A-li include the measured mean heater surface temperature and the heat

transfer coefficient computed from a one-dimensional finite difference procedure in the quartz

substrate, using the measured surface temperature as a boundary condition. Cubic splines are

fitted through successive data points to provide interpolation between the measured points. The

procedure is described by Merte (1992). During the conduction phase of heating the heat transfer

coefficient is defined in terms of the difference between the heater surface temperature and the

initial temperature. This permits a comparison with the well-known analytical solution of

conduction in two semi-infinite solids with a step input in heat flux at the plane between the two

solids. This is shown by the labeled dotted curves in Figures A-la -- A-li. Once motion takes

place in the fluid, comparison with the analytic conduction solution is no longer appropriate.

However, it is included in all such plots in order to provide a reference. It becomes obvious that

deviations from the one-dimensional conduction behavior takes place because of the finite lateral

heater dimensions. This issue will be addressed below. Once nucleation takes place the heat

transfer coefficient is appropriately defined in terms of the difference between the measured heater

surface temperature and the liquid saturation temperature.

Figures A-2a --- A-2i show the temporal variation of the input heat flux to the thin gold

film. The changes measured are a consequence of the increase in resistance of the gold film as it is

heated, with the imposed voltage being controlled to remain essentially constant. This variation is

relatively small, except when substantial heater surface dryout takes place, and it was not deemed

worthwhile to control the power input to remain constant.

The measured system pressures are plotted in Figures A-3a - A-3i, along with the heat flux

to the fluid as computed from the measured power input and the heat flux to the substrate,

computed in turn from the measured heater surface temperature. This parameter makes it
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convenientto determinewhensteady-stateconditionsarereached,sincetheheatflux to the fluid

becomesequalto theheatflux inputto thefilm heater.In somecasespressurespikesareobserved

at the momentof nucleation,associatedwith the rapidformation of vapor before the pressure

controlsystemcanrespond. Therelativelylow samplerateof 10Hz for pressureis responsible

for theseeminglyrandomsensingof thesepressurespikes.

FiguresA-4a--A-4i givethefluid temperaturesabovethepassiveso-calledprimaryheater,

labeledTM01, TM02 and TM03, at distancesof 1 mm, 5 mm and 10 mm abovethe heater

surfaces,asindicatedin Figures3.3and3.4. Thelowerpiot showsTM04, TM05 andTM06, the

bulk liquid temperaturesat the variousdistancesindicatedabovethe heatersurfaces,aroundthe

perimeterasgivenin Figures3.3 and3.4, and thus gives an indicationof the effectsof lateral

motionsof thevaporbubblefor thecasewherethesecondaryheaterisactive. Themeasuredactive

meanheatersurfacetemperature,theso-calledsecondaryheaterhere,is includedatthetop in order

to provide temporalreferencemarksfor thevarioustemperaturesmeasured.The measuredfluid

temperaturesprovideanindicationasto theuniformityof temperatureatthebeginningof eachTest
Run.

FiguresA-5a--A-5i show the changesin liquid temperatureabovethe activesecondary
heater,labeledTM07, TM08 andTM09, at 1 mm, 5 mm. and 10 mm aboveits center. In the

lower part of theseFigures, TMI 1 measuresthe quartzsurfacetemperaturecenteredunder the

secondaryheater,while TMI2 measuresthe quartzsurfacetemperatureunder the centerof the

primaryheater.TM13 measurestheair spacetemperatureslightly removedfrom thecenterof the

undersideof thequartzsubstrate.If necessary,thispermitsestimatingtheheatloss from theback

sideof thequartzsubstrate.

Twelve (12) selectedrepresentativeframesfrom the 400 ft. 16 mm motion film are

presentedfor eachRun in FiguresA-6a --A6i, alongwith the framenumber,countedfrom an

arbitraryinitial frame, and with the time, relatedto the onsetof heating,which begins at 10

seconds.Filmingtookplaceateither10or 100pps, as indicatedin thematrixgivenin TableA-I

for PBE-IIB (STS-72). All films for PBE-IIA (STS-77)were madeat 10 pps, as discussed

previously.Theimageswereobtainedby projectingthefilm onalargescreen,picking it upwith a

videocamera,andusingaframegrabberanddigitizerfor _torageon laserdiscs.Thetimesshown

maydiffer slightly fromtheframenumberbecausethecameraspeedmayvary, aswhenchanging

framingspeed. TheLED's seenin the bottomof eachimageprovide synchronizationwith the

thermaldata,following thetimeformatgivenin Figure3.10.

Thenucleationdelaytimehereis definedasthetimeintervalbetweentheonsetof heating

and the momentwhen the first vapor bubble appears, it_ora given input heat flux a distinct

relationshipexists, in the absenceof buoyancy,betweenthe nucleationdelay time, the heater

surfacesuperheat,and the liquid temperaturedistribution at the onsetof boiling. The latter
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quantitiesgovernthecharacterof theearlybubbledynamicsandthe spreadof theboiling across
theheatersurface. Suchprocessesaredescribedin detailin Ervin andMerte(1991), Ervin et al

(1992), andLee and Merte (1993), using the results of transient boiling tests in the 5.1 second

drop tower at the NASA Lewis Research Center. Based on these tests and space experiments prior

to the present results, an optimum correlation was developed, as shown in Figure A-7, in order to

estimate the delay times expected in the flight experiment. All nucleation delay times measured

with the PBE-IIB, including the pre-flight ground tests, are plotted in Figure A-7. The comparison

with the flight data is quite good, while convection effects in earth gravity result in some scattering.

The limitations on the lower levels of input heat flux become obvious in such a plot, where

nucleation can not take place in a 5.1 second drop tower below a heat flux of about 5.5 w/cm 2.

Figure A-8 is a plot of mean heater surface superheat at nucleation for the same tests plotted

in Figure A-7. It is noted that a peak exists in the mean heater surface superheat on nucleation

between the high and low levels of heat flux, even with different subcooling levels, and is

particularly high in microgravity. In addition, for the most part, as the subcooling level increases

the heater surface superheat on nucleation is smaller. These phenomena will be discussed below in

terms of heterogeneous and homogeneous nucleation theories, with the influence of the liquid

temperature gradients at the heater surface and bulk liquid subcooling incorporated in the latter.

In certain circumstances of the test matrix followed here, it was noted that after the initial

nucleation and prior to the spreading of the boiling process across the heating surface, the vapor

bubble appeared to be growing spherically or hemispherically. Measurements of size as a function

of time were made and reported for such bubbles in earlier space experiments by Merte et al

(1996), with the growths compared with predictions of spherically symmetric analytic models, as

developed by Lee and Merte (1993). The measurements of growth for a hemispherical bubble

have been made in only one case for the experiments here, and will be presented below.

Experiment PBE-IIB (STS-72) was conducted with subcooling levels considerably higher

than that used previously. The combination of these higher subcooling levels and the lowest heat

flux level resulted in behavior heretofore unseen: Small bubbles formed at certain regions on the

heater surface, and then migrated rather consistently to another domain, coalescing with an almost

static larger sized vapor bubble. These behaviors could be discerned quite distinctly from the

photographic data taken through the transparent heating surface from the underside. Measurements

of the migration velocities of certain of such bubbles were made, and are presented below in

Figures 6.14-6.25, together with sequences of photographs representative of such motions.

From the photographics data taken through the transparent heating surface from the

underside, it is possible to discern quite distinctly those portions of the heater surface on which

dryout has taken place. Examples are abundant in Figures A-6a -- A-6i. It is observed that under

some circumstances this is a time varying phenomena, and is related in some fashion to both the
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transientmeanheatersurfacetemperatureandheattransfercoefficient. If measurements of the time

varying fractional area of the heat transfer surface in contact with vapor, which will be termed the

fractional dryout area, can be made with sufficient temporal detail, it is felt that the possibility

exists for quantifying the contributions to the total heat transfer of the different modes of heat

transfer taking place. Since only mean heater surface temperatures and heat transfer coefficients

are measurable at present, only spatial mean parameters can be determined: local measurements in

the future would permit determination of these parameters on a spatially local basis.

In order to provide an efficient means for quantifying the time varying fractional dry

portion of the heater area from the 16 mm films, an optical processing system was set up in which

the 16 mm film is projected on a screen with a motion picture projector; the motion is stopped at the

desired frame; the time noted; the image picked up with a video camera, which can then be stored

on a VCR and/or immediately digitized with a frame grabber for greater resolution; the digitized

data is stored on an optical disc for later processing. The fractional dry area measurements were

made from the digitized data for selected portions of each Run, which are indicated on the index,

Table A-IV. The fractional dry area and corresponding mean heater surface temperatures are

plotted in Figures A-10--i- A-10i--i. A predictable conformity is to be noted in each Run between

the fractional dry area and the mean heater surface temperature: As the fractional dry area increases

for a given heat flux input, so does the mean heater surface temperature. Sample images showing

dryout and rewetting in each of the selected portions of each Run are included as Figures A-10a--iv

- A-10i--iv. Discussion of the development of the computational procedures for determining the

microgravity boiling heat transfer coefficients are presented in Merte et al (1996).

Figures A-11 - A-20 provide the same experimental results as described for Figures A-1 -

A-5 above, except that the former were obtained at a/g = +1 and a/g = -1 during the pre-flight

testing of the hardware, following the identical automated matrix cycle as for the space flight.

These results proved data by which direct comparisons can be made of behavior between earth

gravity and microgravity under otherwise identical circum,,tances. For the present here it may be

stated that at a/g = +1 nucleate boiling only took place at the highest heat flux level for the

subcooling levels employed here. Boiling did not take place at a/g = -1 at the combination of the

lowest heat flux level and the two higher levels of subcooliag.
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6. DISCUSSION

6.1 Conduction Effects

In the absence of buoyancy and forced convection, heat transfer in fluids takes place by

pure stationary conduction, as in solids. This was confirmed for relatively short periods (up to 5.1

seconds) in microgravity, in solids and in fluids before nucleation takes place, by the

measurements of Ervin and Merte (1991) also appearing in Ervin and et al (1992). In this case the

physical processes of conduction conformed closely to the analytical solution for two semi-infinite

solids, initially at a uniform temperature, with a uniform step in a plane heat source at the interface.

An important consideration in the measurement of the mean heater surface temperature as

determined from the measurement of the mean electrical resistance of the thin gold film, from

Equation (3.1), is how accurately the mean resistance actually represents the mean temperature.

The question was examined analytically in detail in Appendix D of Merle et al (1996), with the

conclusion that the maximum discrepancy between the true mean surface temperature and that

computed from the mean surface electrical resistance is less than the absolute uncertainty in the

heater surface temperature measurement, under the most adverse temperature distribution over the

surface.

6.1.1 Conduction in Substrate

The analytic solution for the interface temperature between the two semi-infinite solids,

which corresponds to the gold film heater surface temperature in the physical system, is plotted as

the 1-D Analytical Surface temperature for reference purposes for each of the Runs of the matrices

of PEB-IIB-IIA in Figures 1a-li of Appendices A, B.

The discrepancy between the analytical and the measured values increase for the lower

level of heat fluxes, for which longer periods of conduction heat transfer in both the solid and fluid

domains take place before nucleation occurs. This discrepancy is attributed to three dimensional

conduction effects during this period, primarily in the quartz substrate domain, which has a larger

thermal diffusivity, a=k/pc=8.34 x 10-7m2/s, compared to a =5.24 x 10-8 m2/s for R-113.

Comparisons of the short 5.1 second drop tower ground base testing were excellent with one-

dimensional solutions. In this case the quartz substrate was less massive than that in the PBE, and

the single heater surface of the substrate was located symmetrically. To confirm that three

dimensional effects were operating in the PBE, a 3-D finite element model was developed for the

particular geometry of the PBE with the results presented and discussed in Merte et al (1996). As

described in this same work, some filtering of the measurements associated with the power input to

the thin film heater, taken at 10 Hz, was found to be necessary, and the same techniques were

followed in the experimental results presented here: The mean heater surface temperatures and
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heatertransfercoefficientsareobtainedby takingthree(3] successiveheatersurfacetemperatures

at lOOmsintervals,averagedto providethetemperatureatt:aemiddlepoint of thetimescale. This

procedurewasadvancedfor eachlOOms datapoint. The resultspresentedin Figures la-li of

AppendicesA andB wereobtainedusingthis three3point averagingtechnique,with a polynomial

fit for interpolationbetweendatapoints.

6.1.2 Conduction in Fluid

The measured mean heater surface temperatures were used to compute the heat flux and

heat transfer coefficients to the fluid, with the latter given in Figures la-li of Appendices A and B.

The imposed heat flux inputs were taken as constant in the computation of the heat transfer to the

fluid. As can be noted in Figures 2a-2i of Appendices A and B, significant variations in the

imposed heat flux occurred only where dryout had occurred on large portions of the heater surface,

because the current decreased as resistance increased, with a constant voltage input. The detailed

descriptions associated with the significant dryouts were relatively unimportant.

The temperature distribution in the liquid at the nucleation sites at the moment of nucleation,

including the local temperature at the heater surface itself, are necessary for assessing the vapor

bubble nucleation process in microgravity, which will be considered below. These temperature

distributions are computed as 1-D transient conduction processes in the liquid, using as boundary

conditions, however, the local heater surface temperatures and liquid heat flux computed by the 3-

D finite element model for the substrate. This procedure v_as necessary because the grid spacing of

the finite element model was too coarse to provide the spzcial temperature resolution necessary in

the liquid. An assessment of the process is presented in M,zrte et al (1996). The application of this

procedure will be made in the analysis of the nucleation process below.

It was originally expected that nucleation and early bubble growth would always occur in

that part of the heater having the highest temperature, in the central portion, and not near the edges

of the heater where the temperature falls off sharply because of three-dimensional conduction in the

substrate. The latter behavior was confirmed by early finite computations of the 3-D substrate

temperature distributions, and by recent 3-D finite element transient computations.

Results have indicated that under certain circumstances nucleation does not take place at the

domains of highest surface temperature, but sometimes takes place at locations on the heater

surface where the temperatures are lower-near the edges, depending on the heat flux level. This is

illustrated in the upper part of Figure 6.1, in which the locations of the nucleation sites are

indicated for each Run in the five PBE experiments flown to date. The left hand side shows the

nucleation sites on the primary heater used with the Prototype Model, for PBE-IA-IC (STS-47-

60), while the right hand side shows the nucleation sites on the backup heater (secondary) used

with the Flight Model, for PBE-IB-IIB-IIA (STS-57-72-77). It is noted that the highest heat flux
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cases,Run Nos. 1,4,7 of both STS-47andSTS-60,identifiedas(a) on the left, and Run Nos.

1,4,7of both STS-57andSTS-72, alsoidentifiedas(a), excepton theright, all nucleatedat the

identicalsite near an edgeon their respectivesurfaces. Run Nos. 1,4,7 of STS-77 were
conductedata muchlowerheatflux level, andnucleationtook placeat randomlocationsover the

heatersurface,aswith all theotherRunsat the lower levelsof heatflux. Where the nucleation

sitesin particularRun Nos. are identifiedas not possibleto determine,this correspondsto the

cases where the vapor bubble growth was quite energetic, such that no vapor bubble was visible in

one film frame but filled the heater surface in the next. It is assumed in these cases that nucleation

occurred in the highest superheat domain - in the central part of the heater. This is consistent with

the Run Nos labeled as point (b) in both sides of Figure 6.1.

The local heater surface temperatures and heat flux were then used to compute the local

temperature distributions in the liquid normal to the heater surface at the moment of nucleation, for

each of the nine (9) Runs for each of the two PBE space flights, where appropriate.. These are

presented in Figures 6.2 and 6.3 for PBE-IIB (STS-72) and PBE-IIA (STS-77), respectively, as

local liquid superheats. It is noted in Figure 6.2 for PBE-IIB (STS-72) that the Runs with the

highest heat flux, Nos. 1,4 and 7, have the lowest total superheated liquid content at nucleation,

which is related to the subsequent non-dynamic bubble growth rates. The medium heat flux case,

Run Nos. 2, 5 and 8, have the highest local surface temperature at nucleation. The Runs with the

lowest level of heat flux in Figure 6.3 for PBE-IIA (STS-77), on the other hand, have the lowest

heater surface superheat at nucleation, which is also related to the subsequent non-dynamic bubble

growth rates. Run No.3 is missing in Figure 6.3 since nucleation did not take place, in spite of

the heating period of 4 minutes, a result of the combination of high subcooling and very low heat

flux level.

6.2 Convection Effects

Natural convection is driven by buoyancy, and its onset may be described in terms of an

instability in which disturbances are always present. Reducing the buoyancy by reducing the body

forces delays the onset of convection and reduces the resulting convection velocities. However,

acting over a sufficiently long period it can be anticipated that any non-zero level of body force, no

matter how small, will produce motion, depending on the stabilizing forces acting in the particular

circumstance. An example is given in Merte et al (1996) for PBE-IC (STS-60) Run No. 8, during

the single phase transient heating process, in which a disturbance of about 0.3 mg perpendicular to

the heating surface at about 16 seconds and lasting approximately 2 seconds induces a slight

amount of natural convection. It was noted that this natural convection in turn affects the mean

surface temperature and the heat transfer coefficient.
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The results of the pre-andpost flight testsat a/g= +1, in which non-boiling natural

convectiontook place,providedanopportunityto compaJevaluesof the naturalconvectionheat

transfercoefficientsgeneratedby theprocedurefollowed for the microgravityboiling caseswith

valuesfrom well establishednaturalconvectioncorrelations.Forexample,thecorrelationof Lloyd

andMoran(1974)for ahorizontalsurfacefacingupwardpredictsaheattransfercoefficientof h =

460 w/m2kfor R-113atearthgravity. This is to becomparedwith measurementsover therange

h--425-500w/m2kfrom Figures14in AppendixA for thosecaseswhereboiling doesnot occur,

andfrom Figures14and20 in AppendixB.

6.3 Nucleation

Nucleation delay times, the time interval between the onset of heating and nucleation or the

onset of boiling, are necessary for estimating the beginning of high speed photography.

Comparison between the correlation based on early drop tower testing, given in Merte et al (1996),

and measurements for PBE-IIB (STS-72) at earth gravity/a//g = _+l and in space, are shown in

Figure A-7. It is obvious that absolute uncertainties become quite large as the input heat flux is

reduced. Figure B-7 presents the comparisons between the nucleation delay times for the five (5)

PBE space experiments only, PBE-IA-IB-IC-IIB-IIA on STS-47-57-60-72-77, respectively, and

their best-fit correlation.

Nucleation at earth gravity took place only at _g = -lin PBE-IIA (STS-77), and then only

with the highest input heat flux level of q"= 2_cm E. The nucleation delay times for this case

were 141.4, 93.7, 81.1 seconds for Run Nos. 1, 4, 7, respectively, and correspond to initial bulk

liquid subcooling levels of 11.0, 2.7, 0.2°C, respectivel3. The heat flux levels were too low to

produce nucleation at/a//g = _l for the experimental times selected for space operation. As a

result, a separate plot of nucleation delay times for PBE-IIA (STS-77) was not provided.

The nucleation delay times in earth gravity were somewhat different for PBE-IIB (STS-72)

in which the heat flux levels were the same order as for the prior three (3) space experiments, but

in which the subcooling levels were increased significantly to nominal levels of 22.2, 16.7,

11.1°C. At _/g = +l nucleation took place only at the highest nominal heat flux level of

q"r = 8 _cm 2" At _g = -1 , on the other hand, nucleation occurred virtually immediately at the

highest nominal heat flux level of q_ = 8_cm 2 , had delay times of 18.2, 17.4, 16.8 seconds for
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q"r = 4 _cm 2 in run Nos. 2, 5, 8, respectively, and did not occur at all for qr = 2 _cm 2 because

of lateral convection combined with the high subcooling.

The mean heater surface superheat at nucleation, or the onset of boiling, are plotted for

PBE-IIB and -IIA in Figures 8 of Appendices A and B, respectively, as a function of the input heat

flux, which is directly proportional to the heat flux to the fluid in the microgravity non-boiling

conduction heat transfer domain. It is noted in Figure A-8 for PBE-IIB (STS-72), which used the

same nominal input heat flux levels as the prior three (3) PBE space experiments but with

considerably higher liquid subcooling levels, a distinct peak exists in the mean heater surface

superheat at nucleation between the high and low levels of heat flux, with one exception: In

microgravity this superheat remained as high at the lowest heat flux level as it was at the

intermediate level, for the lowest subcooling level here. The heater surface superheat at nucleation

is related to both the heat flux levels and the nucleation delay times: For a given heat flux level a

longer delay time results in a higher heater surface superheat at nucleation.

The behavior shown in Figure A-8 is quite similar in character to that observed in the three

(3) previous space experiments PBE-IA-IB-IC (STS-47-57-60), with the nucleations taking place

at the highest heat flux levels designated as heterogeneous nucleation, in that all such nucleations

took place at precisely the same locations on the heater surface. The same took place in PBE-IIB

(STS-72), as can be noted in the right hand side of Figure 6.1, where the nucleations took place at

site "a" for Run Nos. 1, 4, 7. This is the identical site as with PBE-IB (STS-57) two years prior.

The heater surface superheats in Figure B-8, for the lower levels of heat flux input,

decrease consistently as the heat flux is reduced, and can be viewed as extensions of the decrease

in heater surface superheat as heat flux decreases observed in Figure A-8. The system pressures

were identical in PBE-IIB (STS-72) and PBE-IIA (STS-77) for the same Run Nos., and resulted

in virtually the same heater surface superheat for the case where the imposed heat was the same, at

q" = 2 _cm 2" Although the initial bulk liquid subcoolings were different at this heat flux, this

results only in a difference in the nucleation delay time.

The modification to the homogeneous nucleation theory, presented in Merte et al (1996)

and in Merte and Lee (1997), predicts the effects of system pressure and imposed heat flux on the

heater surface superheat at nucleation, for a given fluid and the smooth gold film heater on polished

quartz used in the present research. Although this type of nucleation is called homogeneous

nucleation here, no explicit evidence exists yet that this nucleation did not take place exactly on the

heater surface itself. As described above, the indirect evidence that the nucleation was

homogeneous, except for the Test Runs taking place at the highest level of heat flux

qr = 8 _cm 2' for which the nucleation always occurred at precisely the same location on the
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heatersurfaceevenafter a two (2) yearintervalbetweentests,is thatthenucleationfor eachTest

Run occurredat different locationson the heatersurface,and were generallyassociatedwith

subsequentdynamicvaporbubblegrowth rates,to bedescribedbelow. Becauseof the lack of

explicitevidenceat this time, this typeof nucleationis calledquasi-homogeneousnucleationuntil

appropriatephysicalmeasurementsdemonstratethat the nucleationis indeed not taking place

directlyon theheatersurface.As canbededucedfrom exz_miningFigures6.22-6.24in Merteet al

(1996), suchmeasurements,mostlikely photographicwill requiregreatsensitivity to detectthe
smalldifferencesin dimensionsinvolved.

Exceptfor thehighestimposedheatflux levelsin FigureA-8, for PBE-IIB (STS-72),and

thelowestlevelsin Figure B-8, for PBE-IIA (STS-77),thevaporbubblegrowths subsequentto

nucleationwerequitedynamic. The conditionsnecessaryto producethe dynamicvapor bubble

growthswill be reviewedbelow. Thelackof dynamicvaporbubblegrowthsimply that whatever

the nucleationsource,whetherhomogeneousor heterogeneous,thetotalsuperheatcontentin the

liquid is insufficientto triggerthedynamicgrowthphenomena.

The theoreticalequationfor the predictionof quasi-homogeneousnucleation,developed

andpresentedin Merteetal (1996)andMerteandLee(1997),is shownin Figure6.4 for thethree
levelsof systempressureusedto varythe initial bulk liquic!subcoolingfor thevariousRuns. The

plot is identicalto Figure6.29in Merteet (1996), with theadditionof themeasurementsof PBE-

lIB-HA (STS-72-77) for the samephysical hardware. The original analysisresulted in one

empiricalconstant,whichhasnot beenchangedalthoughit wasevaluatedbasedon dataobtained

with differenthardware. The estimatedsuperheatlimit from classicalhomogeneousnucleation

theoryis included,andison theorderof superheatsbetween105°C-115°Cfor thepressuresused

here,andpredictimposedheatflux levelson theorderof 50 W_cm2. As can be noted in Figure

6.4, heat flux imputs of 8 _cm 2 result in the heterogeneous nucleation referred to earlier. It

should be noted here that a time interval of 18 months elapsed between the experiments of PBE-IB

(STS-57) and PBE-IIB (STS-72), with 6 months between PBE-IIB (STS-72) and PBE-IIA (STS-

77). The apparent "scatter" of the data in Figure 6.4 coul:l be reduced considerably if a different

value of K* were determined for each space flight experiment. However, this would result in 3

sets of curves, instead of the one set plotted, with the possibility for some confusion. The

significant point to be noted in Figure 6.4 is that for a give n space experiment and subcooling, an

increase in q" produces an increase in the heater surface superheat at nucleation, while for a given

heat flux an increase in bulk liquid subcooling (an hence pressure) results in a decrease in heater

surface superheat at nucleation, both of which are consistent with the predictions given by Eq.

6.35 in Merte et al (1996), or Eq. 26 in Merte and Lee (1997).
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Figure6.5 is similar to Figure6.4, exceptthata linearscaleis usedfor the imposedheat

flux insteadof a logarithmicscale,and only the pressurelimits are given. Thoseparticular

experimentsin which the vapor bubble growth following nucleationwere quite dynamicare
indicatedby aspecialsymboldefinedin Figure6.4. Thedatafor thehigherheatflux levelsin the

lowerrightall correspondto theheterogeneousnucleationdescribedabove,andall lacka vigorous

bubblegrowth. It is to benotedin particularthat all nucleationsfalling within theheatersurface

temperaturesaspredictedresultin thedynamicbubblegrowths.

6.4 Bubble Dynamics
Based on both observations and measurements conducted in earth gravity at a/g =+ 1, a/g=

-1, and in the 5.1 second NASA-Lewis drop tower as part of the pre-spaceflight testing program,

once nucleation occurred the propagation of the boiling across the heater surface and the bubble

growths could be classified as one of six categories, termed as follows:

A. Advancement of interface by irregular protuberances.

B. Growth of mushroom-like bubble with spreading along heater surface.

C. Orderly growth of bubble with a "smooth" interface.

D. Orderly growth followed by onset of interface instabilities.

E. Energetic growth of bubble with unstable interface.

F. Slow motion of bubbles toward region of higher temperature.

These are described in some detail in Merte et al (1996), and as reported therein, all boiling

propagations in PBE-IA-IB-IC (STS - 47 - 57 - 60) were in either categories D or E, depending on

the combination of heat flux and subcooling. Because of the extensions of the parameters of

subcooling and imposed heat flux for the space experiments reported here, the additional categories

A, C, F were present, and are summarized in Table XI. The only category in the above list not

observed in any of the space experiments now is "B", which is associated with buoyancy effects.
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PBE-IIB (STS-72)
Run q " ATsub Category
No. w/cm 2 *(2

1 8 22.2 A
2 4 " E
3 2 " D+F

4 8 16.6 A
5 4 " E
6 2 " E+F
7 8 11.1 A
8 4 " E
9 2 " E

PBE-IIA STS-77
AT sub Category
*C

2 11.1 E

1 " D+F
0.5 " No

Nucleation
2 2.8 E
1 " E

0.5 " C
2 0 E
1 " D

0.5 " C

Table XI. Boiling propagation and bubble growth categories observed in PBE-IIB-IIA (STS-72-

77).

It is noted that once nucleation takes place the subsequent propagation and growth should be

governed primarily by the levels of heat flux and initial bulk liquid subcooling used, and have been

observed to be quite reproducible. This is seen in Table XI above between PBE-IIB (STS-72)

Run 9 and PBE-IIA (STS-77) Run 1, which differ only in the system pressure as given in Tables

VII and VIII.

Several of the categories will be considered in scme detail below, as appropriate. Of

particular interest here is category "E", where the vapor growth rates were quite dynamic, and

could be termed explosive. This was the most commonly observed category in microgravity, and

was most generally associated with what was called "quasi-homogeneous nucleation" in the

previous section. The camera speeds and amount of film available were not adequate to capture

details of the behavior, although it was evident that such behavior was taking place.

Photographs and measurements of the vapor bubble growth obtained in preliminary testing in

the NASA-Lewis R.C. 5.1 second drop tower provide evidence for rates of growth not

accountable by conventional models. The photographs, including all of the space experiments in

which category growth "E" above took place, reveal that the liquid-vapor interface of the explosive

bubbles become wrinkled and corrugated, leading to the conclusion that some type of instability

mechanism is acting. Subsequent to the submission of the report of Merte et al (1996), some

preliminary success was achieved in modeling the onset of the initial dynamic growth observed,

approximating, for the fiat heater surface geometry used, the conditions necessary. Further space

experimentation is necessary, including the use of high magnification and high framing rate

photography, to solidify the basis for the model. Details of the model development are given in

Lee and Merte (1996a) and will not be repeated here. However, some of the results of the analysis

will be given here to demonstrate the relationship to the present work.
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The rapid evaporation rates observed have been described by various terms such as vapor

explosion, explosive boiling, thermal explosion, rapid phase transitions (RPTs), and have been

discussed by Reid (1983). It has been presumed that potential high pressure water cooled nuclear

reactor explosions, LNG spill explosions and high pressure boiler accidents are related to vapor

explosions. A current concern that such behavior could arise with liquid metals exists in the use of

mercury as a target material for the Spallation Neutron Source being proposed at the Oak Ridge

National Laboratory. The model of Lee and Merte (1996a) was adapted to mercury as a working

fluid, and some analytical results presented by Lee and Merte (1997).

Figure 6.6, from Lee and Merte (1996a), demonstrates the difference in appearance between

growing vapor bubbles of the "dynamic" or "explosive" type (a) and the "normal" type (b). As

demonstrated and discussed in Merte et al (1996), the extremely rapid growth of (a) is a

consequence of the large increase in liquid-vapor interface area associated with the corrugated or

rough interface, which itself is due to the presence of an instability. The identification and

modeling of the source of this instability, including predictions of the circumstances for its onset,

are treated in the work of Lee and Merte (1996a), as mentioned above. Figure 6.7 compares the

growth of the bubble of Figure 6.6(a) with predictions for normal bubbles having smooth

interfaces, for the two limits of uniform and non-uniform initial superheat possible for growth on a

fiat interface, as described in Lee and Merte (1996 b,c). The measurements are below the

physically unrealistic model of Rayleigh (1917), which assumes that the internal vapor pressure of

the bubble remains constant at the initial saturation pressure corresponding to the heater surface

superheat at nucleation, but is significantly above the model for the upper limit. Similar

comparisons are given in Figure 6.8 for the normal growing vapor bubble in Figure 6.6(b). The

measurements now fall between the two limits, as is expected.

Figure 6.9 presents the results of the instability analysis for Figure 6.6(a), where the

intersections of the so-called k-limit and kmax curves represent the predicted unstable domain

leading to the growth of disturbances of appropriate sizes, which are assumed to always be

present. Experimental evidence regarding the character of these disturbances is still lacking, and

will be the subject of proposals for future experimentation in the microgravity of space. Figure

6.10 shows the results of the instability analysis corresponding to Figure 6.6(b), where the k-limit

and k-max curves do not intersect but make only a single contact.

The photographic sequence in Figure 6.11 from PBE-IIA (STS-77) Run No. 6, represents

the only Run of the last two space PBE-GAS experiments which permitted quantification of the

initial vapor bubble growth rates. The imposed heat flux was sufficiently low (q" = 0.51 w/cm 2)

that the low camera speed of 10 pps was able to follow the growth. It can be seen in Figure 6.12

that this growth follows the lower limit of the initial non-uniform superheat model quite well.

63



Figure 6.13 is the correspondingplot of the stability curves, where it is noted again that no
intersectionexistsbetweenthek-limit andk-maxcurves.

As describedearlier,PBE-IIB (STS-72)consistedof the experimentalsequencesin which

the nominal successiveheat flux levels were identical to those of the three previous space

experiments,PBE-IA-IB-IC (STS-47-57-60),at q" =8,4,2w/cm2,but thatthenominal subcooling
levelswereincreasedto AT sub= 22.2,16.7,11.1 *C insteadof thepreviousleve)sof AT sub=

11.1,2.8, 0 °C. A new vaporbubblephenomenawasobservedat thecombinationof the lowest

heatflux levelq" =2 w/cm2andthetwo higherlevelsof subcoolingAT sub= 22.2, 16.7 °C, in

which distinct regular migrationsof small vapor bubblestook place while remaining in the
immediatevicinity of the heatersurface,proceedingfrom their regionof origin toward a large

bubble,alsoon theheatersurface,andeventuallycoalescingwith this largerbubble. This process

hasbeenreferredto asbubblemigration,andis believedto be a vapor bubble manifestationof

Marangoniconvectionand/ormolecularmomentumeffects,sometimesreferredto asvaporrecoil,

takingplacein thepresenceof largeliquid temperaturegradientsassociatedwith therelativelylarge

bulk liquid subcoolingnowpresenthere.
Themigrationof gasbubblesin a liquid in whichatemperaturegradientis imposedis a well-

known phenomena(e.g.-Subramanian-1990),andthe migrationof gasbubblesalonga heated

wire hasbeenreportedby Trefethan(1961),wherethegaswasthevolatilecomponentof a mixture

of two liquids. In this casethebubbleswereformedat thecenterof a horizontalwire, andthey

migratedalternativelyin oppositedirections. What is believedto be taking placein the present

work is a two-dimensionalversionof thephenomenareportedby Trefethan(1961), exceptthata

puresubstanceis used,andthemotionof thebubbleis not constrainedto a particulardirection,

althoughonce initiated and in motion the bubbles were observedto move, more or less,

consistentlyin agivendirection.

Absentan analyticaldevelopmentof themechanism,_actingto producethetwo-dimensional

migrationsobservedhere, at the presenttime, it is deemeddesirableto presentthe resultsof

measurementsof bubble velocities and sizes, where possible, for the well-defined initial

experimentalconditionsemployed. For eachof the bubbles,followed, a sequenceof digitized

photographswill be shown, with the bubbleidentificationwithin a sequence,togetherwith the

time of eachimagein order that it canbe relatedto the overall experimenttime scale. This

sequencewill befollowedimmediatelybyatimeplot of th.:velocityin theplaneof theheaterand

of thebubblediameter.ThevariousbubbledataarepresettedbelowasFigures6.14-6.25in their

temporal order, although the individual bubble identification numbers used will not be

correspondinglysequential.

As will bequantifiedin the following section,theactionof the migratingbubbleshadthe

effectof increasingtherelativeeffectivenessof theheattraasferfrom theheatersurface.

64



6.5 Dryout, Rewetting, Heat Transfer to Fluid

As pointed out in connection with the bubble dynamics for PBE-IA-IB-IC (STS-47-57-60)

in Merte et al (1996), the initial bubble growth in certain cases following nucleation was so rapid

that the camera speed was not sufficient to capture the motion. Certain of these cases resulted in

departures from the heat transfer surface of the large vapor bubbles formed due to the momentum

imparted to the liquid, causing rewetting of the heater surface and sustaining the nucleate boiling

process even in the absence of buoyancy. Upon examining the photographs and the associated

heat transfer coefficients it was noted that such departures took place in Run No. 2 of PBE-IA-IB-

IC and also in Run Nos. 5 and 8 of PBE-IB. These all are Runs corresponding to the medium

level of heat flux, nominally q"r = 4 _cm 2 , which also produce the largest heater surface superheat

at nucleation. To be contrasted with the prior behavior, the dynamic early vapor bubble growth

producing a distinct momentum-induced departure took place in only one case with the last two

space experiments, PBE-IIB-IIA (STS-72-77), in Run No. 2 of PBE-IIB (STS-72), as can be

seen in Figure A-6b. This was also at the medium level of heat flux, q" = 4 _cm 2 , but at the

higher subcooling of PBE-IIB (STS-72). The high superheats at nucleation necessary to produce

the momentum-induced departure were not present in PBE-IIA (STS-77) because of the low levels

of heat flux used.

The mean heat transfer behavior for all nine (9) Runs of the test matrix for PBE-IIB (STS-

72) are summaried below in Table XII, along with the _g = + 1 Pre-flight test. Also included for

comparison is the microgravity boiling heat transfer behavior for PBE-IB (STS-57), which

employed the same hardware and heat flux levels. Only the subcooling levels for the latter case

were different, at 11.1, 2.7, 0°C, as indicated in parentheses. For each Run the derived mean heat

transfer coefficient is given, followed in parentheses by a mean steady heater surface superheat

(when appropriate), followed by brief comments on the general behavior observed.

It is noted in Table XII that nucleate boiling at _/g = +1 takes place only for the highest

levels of heat flux, in Run Nos. 1, 4, 7, with non-boiling convection occuring in all the others. In

microgravity, in PBE-IIB (STS-72), on the other hand, dryout takes place at the highest level of

heat flux in Run Nos. 4 and 7, but not in Run 1, because of the very high initial subcooling level

(22.2 °C) employed here.

It is noted that the lower levels of heat flux, q" = 2 _cm 2 , in Run Nos. 3, 6, 9 of PBE-IIB

(STS-72) resulted in higher heat transfer coefficients than those with the next higher level of heat
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Run

No.

6

,,

W/cm 2

8

4

2

8

4

2

8

4

9 2

AT_,,b °C

22.2

(11.1)*

22.2

(11.1)

22.2

(11.1)

16.7

(2.7)
16.7

(2.7)

16.7

(2.7)

11.1

(o)
11.1

(0)

11.1

(o)

PBE-IIB PBE-IIB PBE-IB

h ym 2 .K

a/g~0
STS-72 2/5/96

2400 (31)
Nucleate Boiling

1300 (24)

Steady State +

Oscillatin_
1500(12)
Steady State +

Oscillatin_
50O

Dry out
1000 (35)
Nucleate Boiling

1500 (14)

Steady State +
Bubble Migration
200

Dr), out
900 (41)

Dry out + Nucleate
Boiling

1200 (18)
Steady State +
Oscillation

h W//mZ .K

a/g=l
Pre,-Flight
10/5/95

2800 (26)

Nucleate Boiling

500

Non-Boiling
Convection

480(11)

Non-Boiling
Convection

2800 (27)

Nucleate Boiling
550 (43)

Non-Boiling
Convection

450 (14)

Non-Boiling
Convection

2600 (28)

Nucleate Boilin 8
500 (47)

Non-Boiling
Convection

47:5 (23)

Nc,n-Boiling
Convection

h ym z .K

a/g~0
STS-57
6/2/93

700---) 1000

Dry out
Rewet

1680 (22)

Steady State

960 (18)
Steady State

200

Dry Out

1420 (26) ---)

250 Steady S.

--->Dry out

1080 (20)
Steady State

200

Dry Out

1340 (29)

200 Steady S.

---) Dry out

800 (STS-47-60)

Steady-State
Boiling

() Steady state mean heater surface superheat (°C)
These subcooling levels correspond to PBE-IB (STS-57)

Table XII. Comparison of measured mean heat tran.,,fer coefficients between STS-72 Space
Flight and a/g = + 1 Pre-Flight Test, and p:evious STS-57 Space Flight.

Ycflux, q = 4 in Run Nos. 2, 5, 8, for the same respective levels of subcooling. This is
m 2,

contrary to normal behavior in earth gravity, and is attributed to the presence of the small

"migrating vapor bubbles" in the former case, as describe d previously in connection with Figures

6.14 - 6.25. The data from PBE-IB (STS-57) is included in Table XII to permit a direct

comparison between the two series of microgravity tests that are identical, with the same hardware,

except that the subcooling levels have been increased in PBE-IIB (STS-72), as indicated. No data
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wereavailablefor RunNo. 9 of PBE-IB (STS-57),sothemeanvaluesfrom PBE-IA-IC (STS-47-

60)wereinsertedherefor thesakeof completeness.No definitive influenceof subcoolingis yet

possiblefor pool boiling, sincethe processis inherentlytransientin microgravityconditions,

exceptthatdryoutis inhibitedasthesubcoolinglevel is increasedsignificantly.
TableXIII providesthecorrespondingcomparisonsof theheattransfercoefficientsfor PBE-

IIA (STS-77),in whichthesubcoolinglevelswerethesameasthoseemployedearlier,but the heat
flux levelswerereduced. Also includedareboth thePre-andPost-Flighttestsat a/g= + 1, and

the consistentreproducibilityin the measurementsis to be noted,albeit with only non-boiling

naturalconvectionpresent.Theheattransfercoefficientsin microgravityat theselow levelsof heat

flux are considerablylower than those for the high heat flux levels: As noted from the

photographs,thebubblepopulationdensity,responsiblein part for theeffectivenessof theboiling

process,is quitelow in thiscase.
As describedpreviously, the mean fluid heat transfer coefficients computedfrom the

measuredmeanheatersurfacetemperaturesareplottedin Figures1a.... li of AppendicesA andB

for eachof therespectiveRunsof thematrix. A definiterelationshipexistsbetweenthetransient

meanheatersurfacetemperatureand the heat transfer coefficient. These serve to indicate,

qualitatively,themodesof heattransferbetweentheheatersurfaceand fluid: conductionto the

liquid; nucleateboiling; conductionto thevaporphase(termeddryout); and combinationsof the

threeforgoingmechanismsbasedon thefractionalpartof the heatersurfaceover which eachis

acting. For the heatflux levelsusedto date,nucleationand its propagationacrossthe heater

surfacetakeplaceearly in theprocess,so thatthemajorpartof the heattransfersurfaceis either

coveredby vaporor influencedby thenucleateboiling phenomenonitself. Wherethe heatflux

levelsaresufficientlylow thatrelativelysmallerportionsof theheatersurfaceareinfluencedby the

presenceof eithernucleatingsitesor significantamountsof vapor, as in PBE-IIA (STS-77), the
heat transfer to the stagnantliquid regionscan then be incorporated,once the heat transfer

associatedwith eachnucleationsite is determined. This elementof the analyticalwork will be

conductedin thefuture.

For thosecircumstanceswherea portion of the heatingsurfaceis dry during boiling in

microgravity,a procedureis usedby which the meantransfercoefficientis computedfor that

portionof theheatersurfaceonwhich nucleateboiling is takingplace,using measurementsof the
overallmean heat transfercoefficientand the fractionaldry areaof the heatersurface. The

procedureis describedin AppendixE of Merte et al (1996), and involve severalsimplifying

assumptions,alsoincludedin AppendixE. Themost severeone undercertaincircumstancesis
thatthe ratioof themeansuperheatover the nucleateboiling portionof theheatersurfaceto that

overtheentireheatersurfaceis approximatelyunity. In theprocessof evaluatingthe fractionaldry

heaterareafrom thedigitizedimages,usingcommercialimageanalyzingsoftware, it was found
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Run

No.

2

4

6

q

2

0.5

0.5

11.1

11.1

11.1

2.7

2.7

2.7

PBE-IIA

h .Kw 2

a/g~0

STS-77

5119/96

900 (20)

Steady-State +

Oscillating

860 (11)

Steady State +

Oscillating

No Boiling

1050 (18)

Nucleate

Boiling

700 (13)

Nucleate Boiling +

Oscillating

375 (13)

Steady State +

Oscillating (rewet)

PBE-IIA

h W///m2.K

a/g=+ I

Pre-Flight

3/19/96

450 (26)

Non-Boiling

Convection

400 (I0)

Non-Boiling

Convection

450 (0)

Non-Boiling

Convection

450 (33)

Non-Boiling

Convection

470 (17)

Non-Boiling

Convection

450 (7)

Non-Boiling

Convection

PBE-IIA

h W 2

a/g=+ 1

Post-Flight

7/18/96

470 (26)

Non-Boiling

Convection

420 (9)

Non-Boiling

Convection

450 (0)

Non-Boiling

Convection

470 (32)

Non-Boiling

Convection

410 (19)

Non-Boiling

Convection

450 (7)

Non-Boiling

Convection

8

9 0.5

0

0

0

900 (23)

Nucleate

Boiling

700 (16)

Nucleate

Boiling

450 (14)

450 (34)

Non-Boiling

Convection

450 (20)

Non-Boiling

Convection

500 (10)

450 (37)

Non-Boiling

Convection

420 (20)

Non-Boiling

Convection

450 (10)

Table XlII.

Nucleate Boiling

(Barely)

Non-Boiling

Convection

Non-Boiling

Convection

() Steady state mean heater surface superheat (°C)

Comparison of measured mean heat transfer coefficients between STS-77 Space
Flight and a/g = + 1 Pre- and Post-Flight Tests.
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that defining the dry-out portion of the heater surface requires a certain element of human

interpretation, since the automatic measurements based on a defined gray scale in conjunction with

the processing software available tended to produce much larger fractional dry areas than was

deemed reasonable. Nucleating sites produce light shaded areas similar to dry areas, but make

significant contribution to the heat transfer, and must be discounted in the area evaluation.

The time domains within each Run of PBE-IIB-IIA (STS-72-77) over which measurements

of the dry fraction of the heater surface were made are tabulated in Table IV of Appendices A and

B, respectively. Following these, for each of these time domains the heater surface dry fraction

and mean temperature are plotted in Figures 10--i, the wet fraction and mean heat transfer

coefficient are plotted in Figures 10--ii, the microgravity boiling heat transfer coefficient computed

from Equation (E. 12) of Merte et al (1996) is added to these latter two quantities in Figures 10--iii,

and sample images are given in Figures 10--iv.

The net results in Figures 10 of Appendices A and B are condensed in Table XIV in terms of

the following for each time domain in each Run: Range of mean heater surface temperatures

covered; Range of fractional dry heater surface area; Range of mean heat transfer coefficient

(w/m2k); and range of microgravity boiling heat transfer coefficient. For each time domain in each

Run the values listed for the ranges are corresponding ones in the order given. All of the results

are transient in nature in that variations with time take place, and where single values are given

represent short term steady states. These transients, consisting of progressive dry-out or

rewetting, can be viewed as taking place in a transition from complete nucleate boiling to complete

dry-out, termed the transition boiling domain at a/g = + 1.
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Run

No.

1

PBE-II-B (STS-72)

Section T_(°C) x (dry)

1 89-92 0.0.16

PBE-IL_ (STS-77)

h (mean) h (boil) To,(°C) x (dry)

2100-2450 2100-2800 75-82 .10..60

h (mean) h (boil)

600-1100 900-1600

2

3

4

5

6

7

8

9

2

3

4

1 80-85

2 81-89

3

4

1

2

1 123-144

2

1 84-93

2 89-94

1 77-96

2

1

2

1 81-88

2 89-93

1 69-73

2

76-82 .1-.5 700-1100 1200

76-84 .1 -.4 500-1200 900-1500

.04-.22 2150-1450 2350-1700 70.75 .02-.18 400-1200 400-1400

0-.35 1200-2050 1600-2200 69-73 .05-. 18 600-1300 600-1600

.38-.57 550-800 1100-1500

.18-.4 850-1500 1250-2000 61-68 .2-.7 400-1400 1000-3000

.25-.45 850.1200 1300-1600 63-67 .1-.5 400-1000 600-1600

.05-.5 800-1600 1400-1800 63-66 .25-.5 200-600 200-1100

72-95 .5-.95 300-1100 1000-4000

70-72 .5-.9 800-1000 2000-4000

.35 750.1000 1200-1500 613-67 .1-.6 300-1100 500-2000

.27-.4 700-850 1050-1300

0-.4 800-1500 1200-2000 62-67 .2-.6 300-600 400-800

Table XIV. Measurement summary of transient dry-out and rewetting on heater
surface in microgravity. PBE-IIB-IIA (STS-72-77).
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Figure 6.1. Locations of the initial nucleation sites for all Pool Boiling Experiments

conducted in microgravity to date. Left side: Primary heater used for PBE-

IA-IC (STS-47-60). Right side: Secondary heater used for PBE-IB-IIB-IIA

(STS-57-72-77).
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--4

_mm 5
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Figure 6.2. Local R-113 temperature distribution at nucleation at heater surface sites

indicated on Figure 6.1 PBE-II B (STS-72).
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Run# q,, Tsat AT_ub(°C) t*(sec) AT*sup
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Figure 6.3. Local R-113 temperature distribution at nucleation at heater surface sites

indicated on Figure 6.1 PBE-II A (STS-77).
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0

Homogeneous Nucleation
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1
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Psys= 107 kPa - 150 kPa

/_/ o_ o o%
// E_ in Microgravity O O _ O

7x × .......
O STS-60 O STS-72

X STS-77 X Drop Tower
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Total Heat Flux, q" (W/cm 2)

Figure 6.5. Homogeneous nucleation model for R-113 with transient heating in microgravity.
Measurements from PBE-IA-IB-IC-IIB-IIA (STS-47-57-60-72-77), plus pre-

flight drop tower tests. K* evaluated from PBE-IA (STS-47). Run No. 9.
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Figure 6.6.

Comparisons of early vapor bubble growth behavior under microgravity of
drop tower with different levels of heat flux and subcooling. For Lee and Merte(1996a).
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Figure 6.7. Comparisons of experimental bubble growth data with several spherical vapor
bubble growth models. Experimental conditions correspond to Figure 6.6 (a).
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Figure 6.8. Comparisons of experimental bubble growth data with several spherical vapor
bubble growth models. Experimental conditions corresponds to Figure 6.6 (b).
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STS-77 Run #6

Frame # 0001 time=200.50sec Frame #0002 time=200.60sec

Frame #0003 time=200.70sec Frame #0004 time=200.80sec

Frame #0005 time=200.9Osec Frame #0006 time=201.00sec

Figure 6.11. Photos of initial "normal" vapor bubble growth obtained in microgravity at

10 pps. PBE-IIA (STS-77). Run No. 6. qn = 0.51 w/cm_; T,_, = 51.7°C;

P = 116.11 kPa; ATw_= 2.7°C; t* = 190.5 sec.
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oo

t=72,7 sec t=73.2 see t=73.7 sec t=74.2 see

Figure 6.14a. Sequential photographic images of mid,rating bubbles. PBE-IIB (STS-72).
Run No. 3. Bubble #5. See Table VII for parameters. Time interval:
70.7-74.2 seconds.
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STS-72 Run #3, Bubble #6

O

_3

t=77.9 sec

t=75.5 sec t=76.3 see t=77.1 se¢

t=78.7 sec t='r9.5 sec t=80.3 sec

Figure 6.15a. Sequential photographic images of migrating bubbles. PBE-IIB (STS-72).
Run No. 3. Bubble #6. See Table VII for parameters. Time interval:
74.7-80.3 seconds.
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STS-72 Run #3, Bubble #4

• !:

t--89.21 sec t=89.31 sec

C

0

t=89.51 sec t=89.71 sec

t=89.91 sec t=90.11 sec t=91.31 sec t=90.41 sec

Figure 6.16a. Sequential photographic images of migrating bubbles. PBE-IIB (STS-72).
Run No. 3. Bubble #4. See Table VII for parameters. Time interval:
89.21-90.41 seconds.
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STS-72 Run #3, Bubble #1

[]

t=90.81 see t=90.91 sec t= _1.01 se¢
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[]

q

t= ql.ll see

t= 91.31 sec t= _t.41 scc t= c}i,51 sec

Figure 6.17a. Sequential photographic images of migrating bubbles. PBE-IIB (STS-
72). Run No. 3. Bubble #1. See Table VII for parameters. Time
interval: 90-81-91.51 seconds.

90



,m

0
0

m

O)
>

"O

G)
E

,m

"0

E

.Q

.Q

m

U_

c_
O_

@

z

r-
:3

h-

i

C_ 00
o

Bubble Diameter (mm)

d o
C_J

0 0

_0 LU
o
.-J

,,,_<

I+

f

fl

J

J

_I

f
I

I
J

O_

cr)

t_

L_

o

¢)

u

E
°_

• _

0

0 0 0 0 0 0 0

_- _C. 0 0 0 0 0
d 0 0 0 d 0 C5

(s/u J) _joole A

p_

_d

_0
°_
L_

9]



STS-72 Run #3, Bubble #2

t=106.51 sec

0

t=106.61 see t=106.71 se¢
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t=106.91 see

t=107.01 sec t=107.11 sec t=i07.21 see t=107.31 sec

Figure 6.18a. Sequential photographic images of migrating bubbles. PBE-IIB (STS-72).
Run No. 3. Bubble #2. See Table VII for parameters. Time interval:
106.51-107.31 seconds.
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t=I06.51sec

t=107,11sec

STS-72Run #3,Bubble#3
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Figure 6.19a. Sequential photographic images of migrating bubbles. PBE-IIB (STS-72).
Run No. 3. Bubble #3. See Table VII for parameters. Time interval:
106.51-107.41 seconds.
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STS-72 Run #6, Bubble #5

t=77.87 sec

r

0

t=78.37 sec t=78.87 sec

¢

t=79.37 sec

t=79.87 sec t=80.37 sec t=80.87 sec t=81.27 sec

Figure 6.20a. Sequential photographic images of nligrating bubbles. PBE-IIB (STS-72).
Run No. 6. Bubble No. 5. See Table VII for parameters. Time interval:
77.87-81.27 seconds.
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STS-72 Run #6, Bubble #3

© O

t=78.14 sec t=78.24 see t=78.34 see t=78.44 sec

0 0 0

t=78.54 sec t=78.64 sec t=78.74 sec t=78.84 sec

Figure 6.21 a. Sequential photographic images of nfigrating bubbles. PBE-IIB (STS-72).
Run No. 6. Bubble #3. See Table VII for parameters. Time interval:
78.14-78.84 seconds.
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STS-72 Run #6, Bubble #4

t=79.84 sec t=79.94 sac t=80.04 sec t=80.14 sec

t=80.24 sec t=80.34 sec t=_0.44 sec t=80.54 sec

Figure 6.22a. Sequential photographic images of migrating bubbles. PBE-IIB (STS-72).
Run No. 6. Bubble #4. See Table VII for parameters. Time interval:
79.84-80.54 seconds.
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STS-72 Run #6, Bubble #6

t=80.07 sec t=81.17 sec t=82.37 sec t=83.57 sec

f

O

t=84.77 sec t=85.97 sec t=:_7.17 sec

,t,

t=88.37 sec

Figure 6.23a. Sequential photographic images of migrating bubbles. PBE-IIB (STS-
72). Run No. 6. Bubble #6. See Table VII for parameters. Time
interval: 80,07-88.37 seconds.
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STS-72 Run #6, Bubble #1

t=85.64 sec t=85.74 sec t=85.84 sec t=85.94 sec

0

t=86.04 see t=86.14 scc t=86.24 sec t=86.34 sec

Figure 6.24a. Sequential photographic images of migrating bubbles. PBE-IIB (STS-72).
Run No. 6. Bubble #1. See Table VII for parameters. Time interval:
85.64-86.34 seconds.
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STS-72 Run #6, Bubble #2

t=85.64 sec t=85.74 sec t=85.84 sec t=85.94 sec

t=86.04 sec

Figure 6.25a. Sequential photographic images of migrating bubbles. PBE-IIB (STS-72).
Run No. 6. Bubble #2. See Table VII for parameters. Time interval:
85.64-86.04 seconds.
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7. CONCLUSIONS AND SUMMARY

With the completion of this study of pool boiling in microgravity, statements can be made as

to what has been learned and discovered:

a. The absence of buoyancy and the associated single phase natural convection

permits the attainment of homogeneous nucleation at low levels of heat flux.

b. The high liquid superheats obtained at nucleation produce an extremely dynamic

and unusual initial vapor bubble growth under certain conditions in microgravity

which appears to be associated with an instability problem, and which results in

an unusual interfacial behavior. An analysis has been developed which predicts

the circumstances necessary to produce the instability.

c. In certain circumstances where rapid expansion of the boiling front takes place,

vapor bubbles appear to be formed both within the residual liquid microlayer

remaining on the surface as this front passes by, and in advance of the boiling

front.

d. It appears that long term steady-state nucleate boiling can take place on a fiat

heater surface in microgravity with a wetting liquid under conditions in which a

large vapor bubble somewhat removed from the heater surface is formed, which

acts as a thermal sink to remove the nucleating t,ubbles from the heater surface.

e. The steady nucleate boiling heat transfer is significantly enhanced in

microgravity compared to that in earth gravity, under certain conditions.

f. Related to (d) above, surface tension has an in-portant role in producing dryout

and/or rewetting on a heated surface. A summary of the circumstances of bulk

liquid subcooling and heat flux level which approximately describe the limits at

which dryout occurs with R-113 is presented below. The heat flux at which

dryout occurs is considerably less in microgravity than in earth gravity.

A visual comparison of typical pool boiling with the _ame heater surface in both earth gravity

and microgravity under a certain subcooling is presented ia Figure 7.1 (a) and (b), where the upper

half presents the side view and the lower half is the bottom view through the semi-transparent gold

film heater. The operating conditions are almost identical for both the normal gravity and reduced

gravity. In Figure 7.1 (a) in earth gravity, the numerous small bubbles grow and detach/rise from
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theheatersurfaceandcollapsein thebulk, inducingagitationand turbulencewithin the thermal

boundarylayeron theheater,which iscalledmicroconvection.In additionto this nucleateboiling

heattransfermechanism,themicrolayerevaporation(or latentheattransport)within the individual

vaporbubblesarebelievedto play aroleinenhancingtheheattransfer,for which thecontribution

dependson subcoolinglevels. Vapor bubblesin microgravityareobservedto be quite large,

comparedto thosein earthgravity, sinceno buoyancyforcesareactingto removethemfrom the

vicinity of theheatersurface. Thebottomview togetherwith a sideview providesa clearvisual

imageof the3-Dbubblearrangement.Thenumerousrelativelylargerbubblesin Figure7.1(b) are

uniformlydistributedandattachedto or in thevicinity of theheatersurface.

In order to seethe entire picture of the boiling phenomenaover the completeoperating

parametersusedhere,a matrixof representativephotographsover the variouslevelsof heatflux
(0.5, 1,2, 4, 8 W/cm2)andsubcooling(0.3, 2.7, 11.1,and22.2°C)arepresentedin Figure7.2

(a)-(q), with the correspondingoperatingconditionsgiven in Table XV. The measured heater

surface temperature and derived heat transfer coefficient for selected tests in the matrix are shown

in Figures 7.3 - 7.7, with summary discussions to be given below.

Table XV. Operating conditions for the matrix in Figure 7.2

Photos ref. # Heat Subcool Pressure Tsar

Flux T_,,- Too kPa (°C)

4' (°C)
W/cm 2

(a) s72rl 8 22.2 145.1 58.8

(b) s47rl 8 11.1 149.0 59.7

(c) s60r4 8 2.7 117.3 52.0

(d) s47r7 8 0.3 106.9 49.4
(e) s72r2 4 22.2 156.5 61.3

(f) s60r2 4 11.1 145.9 58.9

(g) s60r5 4 2.7 117.6 52.1
(h) s47r8 4 0.3 106.9 49.4

(i) s72r3 2 22.2 152.1 60.3

(j) s72r9 2 11.1 110.7 50.2
(k) s77r4 2 2.7 115.8 51.9

(1) s60r9 2 0.3 107.7 49.4

(m) s77r2 1 11.1 153.8 60.7

(n) s77r5 1 2.7 116.0 51.7

(o) s77r8 1 0.3 107.3 49.2

(p) s77r6 0.5 2.7 116.1 51.7

(co s77r.9 0.5 0.3 107.4 49.3

S.S. time for t* h

Twall the (sec) +50

+2 (°C) photos (W/mZ.K)

90 55.47 10.81 2300

- 36.98 11.58

- 21.47 10.74

25.10 11.36

86 108.26 25.44 1500

78 61.47 30.85 1650

50.98 19.60

22.78 20.63

73 76.23 46.41 1500

67 84.29 72.39 1200

70 168.72 33.60 1000

67 68.47 40.52 1000

72 168.72 78.30 900

65 185.04 89.60 750

64 132.60 76.30 700

64 216.30 190.50 350

63 240.60 225.20 400
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Only seventeen(17) testrunsout of thetotal forty :five(45) arerepresentedin Figure 7.2.

Theseareall at significantelapsedtimesfollowing theonsetof heating,which alwaysbeganat 10

seconds,andaregivenin TableXV. In general,thehigher levelsof heatflux areassociatedwith

increasedtendenciesfor dryout, seenin Figure 7.2 (b), (c), (d), (g), and (h), as might be

anticipated,anddependon thelevelsof initial subcooling.Thelargebubblein Figure7.2(c), with

heatflux of 8 W/cm2 and subcoolingof 2.7°C, almost completelycovers the heatersurface,

causingthemeanheatersurfacetemperatureto risecontinuously,asshownin Figure7.4. Also

includedhereis thebehaviorin earthgravity for thesameexperimentalconditions. In contrastto

thedryoutin Figure7.4,increasingthelevelof subcoolingto 22°Cfor thesamehighheatflux of 8

W/cm2resultsin steadynucleateboiling, asseenin Figure7.2 (a), with thecorrespondingheater

surfaceand heattransfercoefficientsgivenin Figure7.3. What mightbe termedthe most ideal

poolboiling observedareFigures7.2(a)and(f) where,dueto surfacetension,thesmallbubbles

formedinitially agglomerateto becomea largebubble,which is eventuallydetachedslightly from

the heatersurface. This is attributedto the momentumand coalescenceof the small growing

bubblestowardthelargebubble.Thelargevaporbubbleactsas areservoirfor thevaporbubbles

growing on theheatersurface. It is notedthat the largebubblehoveringjust abovethe heater

surfacetendsto maintainits sizedueto thebalanceof thedualprocessesof condensationat the

bubblecapandcoalescencewith the small bubbles. This is believedto be responsiblefor the

steadyboiling observedin microgravity, even under saturationconditions. The quantitative

evidenceof theeffectivesteadyboiling for Figure7.2 (f) is illustratedin Figure 7.6, wherethe

measurementinearthgravityis superimposed.It is noteteatanenhancementof about32% occurs

in theheattransfercoefficientwith microgravity. Theoscillationsin theheattransfercoefficient

observedin Figure7.6 weremeasuredto havea periodcf 4 sec/cycle,which hassignificancein

that the small bubblesagglomerateto a certainsize, causingthe mean heat transfer surface

temperatureto rise, andthencoalescerepeatedlywith the largebubblehoveringabovethe heat

surface,which in turnproduceturbulencein thefluid nearthebubbles,leadingto adecreasein the

meanheatersurfacetemperature.
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Oncloseexaminationof thefirst threerows(8, 4, an2 W/m2) of the matrix in Figure 7.2, it is

noted that the vapor bubbles tend to remain more in the vicinity of the heater surface as the

subcooling increases and vice versa, as is noted particularly in Figures 7.2 (e) and (i). This

phenomenon is attributed to the combination of condensation and Marangoni convection. As a

consequence, it often occurs with high subcooling that the large vapor bubble is impelled toward

the heater surface, not only serving as a reservoir attracting the small bubbles, which decrease the

mean heater surface temperature, but also causes partial dryout beneath the large bubble, which

increases the mean heater surface temperature. These opposing effects can occur sequentially, as

illustrated in Figure 7.5 for the photograph of Figure 7.2 (e). The large spikes in the heat transfer

coefficient at times over the range of 70-95 seconds correspond to the partial dryout area increasing

in connection with dual large bubbles formed on the heater surface, which then coalesce to form a

single large bubble, and which then become somewhat removed from the heater surface due to the

imbalance between surface tension a decrease in size due to condensation. This process repeated

itself several times.

A peculiar phenomenon began to occur under the operating conditions of high subcooling

(16.7-22.2°C) and a low heat flux of 2 W/cm 2. A scarcity of bubbles on the heater surface is

obvious in Figure 7.2 (i) relative to that at lower levels of subccoling. On the other hand, Figure

7.7 shows that the heat transfer coefficient of approximately 1500 W/m2.K is the same or slightly

higher than for the heat flux level of 4 W/cm 2 in Figure 7.5. It also shows an approximate 30%

increase in the heat transfer coefficient compared to Figure 7.2 (j), for the same level of heat flux

and a lower level of subcooling of 11.1 °C. Numerous very small growing bubbles on the heater

surface are moving toward the large bubble with a velocity of approximately 2.5 cm/s, and are

believed to be responsible for the enhanced heat transfer. This motion, not seen clearly in the

figure, is defined here as bubble migration. In figure 7.7, the bubble migration increased gradually

with time, accompanied by an increase in the heat transfer.

Of the 45 test runs conducted under microgravity in the five separate flights, true steady boiling

was present in only 27, whereas the remainder exhibited a quasisteady or transient rise of heater
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surfacetemperatureassociatedwith various degreesof dryout. The identicaltest runs were

repeatedin earthgravity following the spaceexpedmenlsso that direct comparisonscould be

obtainedbetweenthebehaviorin microgravityandin earthgravity. All the steady-statedatain

microgravityandin earthgravitywereusedfor theanalysisof thepoolboiling.

A plot of theheattransfercoefficient(h) was constructedas a function of the imposedheat

flux, usingthe datadescribedabove,andis shownin FilE;ure7.8. Thereappearsto bea general

trendthattheheattransfercoefficientis proportionalto theheatflux, within thebandas shown.

The two symbolsbelow this band indicatethe deteriorationof the heattransferassociatedwith

partialdryout,asdescribedbefore.Thetwo symbolsabovethebandindicatetheenhancementof

theheattransferassociatedwith thestrongvaporbubblemigrationalsodescribedabove.

An uncertaintyexists about the role of subcooling in microgravity pool boiling, but its

resolutionisnot obviousfrom prior workbecauseof theapparentsensitivityof pool boiling to the

magnitudeanddurationof themicrogravity. For example,althoughthedatain Okaet al. (1995),

conductedat a/g-102 showed no indication of significant ,_ffects of subcooling for R-113, that in

Okaet al (1996) conducted at a/g=10 5 showed a considerable effect, in basic agreement with the

present results. To make the influence of subcooling on pool boiling in microgravity more clear,

the steady-state heat transfer coefficients are plotted as a function of subcooling in Figure 7.9.

Since the heat transfer coefficients appear to be proportioned to the imposed heat flux, the data are

grouped by heat flux, as shown. For the high flux of 8 W/cm 2 in earth gravity, a distinct increase

takes place as subcooling increases. For the group with the heat flux of 4 W/cm 2 in earth gravity,

only two data points for a subcooling of 11.1°C are available, since no boiling took place above

this level of subcooling due to natural convection. Overall, the trend of the influence of subcooling

on nucleate pool boiling in microgravity appears similar to ihat in earth gravity, including heat flux

levels of 4, 2, 1, and 0.5 W/cm 2. It is noted that the heat Iransfer coefficient at the high heat flux

level of 8 W/cm 2 in earth gravity is greater than that in microgravity, while the opposite is true at
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themediumheatflux level of 4 W/cm 2, also shown in Figure 7.9, This phenomenon was also

observed qualitatively by Straub (1994) for R-12.

The comparison of the behavior of pool boiling between microgravity and earth gravity enjoys

a high level of validity in the present work since the identical hardware and software were used, as

were the identical data reduction techniques. As a result, any ambiguities of uncertainties

associated with instrumentation and operating conditions were minimized. Figures 7.3, 7.4, and

7.6 provide examples of the consistency.

The resulting steady-state data available for microgravity and earth gravity are plotted in Figure

7.10. The dark symbols indicate the data in microgravity, while the open symbols indicate the data

in earth gravity. It was possible to construct a reference curve in earth gravity for a subcooling of

11. I°C only, including both the nucleate boiling and natural convection regimes. As a result of the

influence of subcooling from Figure 7.9, the boiling curve in microgravity are constructed for three

different subcooling levels. The solid curves indicate the best fit of the limited data.

The principal mechanism which produces the steady-state pool boiling observed in

microgravity is attributed to surface tension effects : A large vapor bubble hovering near the heater

surface acts as a reservoir, absorbing the smaller vapor bubbles growing on the heater surface,

resulting in a maximum 32% enhancement in heat transfer. An effective enhancement of

approximately 30% was observed associated with bubble migrations, where numerous every small

bubbles nucleate and move in a consistent manner toward a large bubble in the vicinity of the

heater.

Three important features concerning the boiling characteristics are noted: Pool boiling heat

transfer in microgravity at lower levels of heat flux appears to be enhanced compared to that in

earth gravity; The boiling heat transfer in microgravity is enhanced as subeooling increases; The

CHF appears to decrease significantly in microgravity.
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(a)Normal gravity a/g=+l (t=78.22sec.) (b) Reducedgravity a/g=10 -4 (t=61.47 sec)

Post flight (STS-60) Run #2

qr =3.6 W/cm 2, Psys=150.1 kPa,

ATw=27 °C, ATsub=l 1.5 °C.

Space flight (STS-60) Run #2.

q_-=3.6 W/cm 2, Psys=145.9 kPa,

ATw=18.1 °C, ATs,b=l 1.5 °C.

Figure 7-1. Visual comparison of pool boiling with R-113 on earth and during a space
shuttle flight under otherwise similar conditions.
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W/cm 2
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Experiment

0.5
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Experiment

No

Nucleation

for 4 minutes

Figure 7.2. A representative photographic matrix for pool boiling conducted in
microgravity with R-113 at various levels of heat flux and subcooling.
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Figure 7.3. Measured mean heater surface temperature and derived heat transfer
coefficient for Figure 7.2 (a) and a corresponding run in Earth gravity. Refer
to Table XV for the operating conditions.
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Figure 7.4. Measured mean heater surface temperature and derived heat transfer

coefficient for Figure 7.2 (c) and a corresponding run in earth gravity.
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Figure 7.5. Measured mean heater surface temperature and derived heat transfer
coefficient for Figure 7.2 (e).
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coefficient for Figure 7.2 (f) and a corresponding run in Earth gravity.
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dryout.
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RUN # Time, sec !Peaks Maximum Acceleration value Noise

1 no

2 no

3 70.5 yes

3 70.8 yes

4 no

5 15.9 yes

5 16 yes

5 16.3 yes

5 42.7 yes
6 no

7 no

8 7.9 yes

8 8.1 yes

8 8.4 yes

8 8.7 yes

8 9 yes

8 9.3 yes

8 9.5 yes

8 9.9 yes

8 34.5 yes

8 79.9 yes

9 14.9 yes

9 15.2 yes

9 15.5 yes

47
Y

25

z

51

47 50 77

47 25 152

24 0 152

47 50 77

148 50 0

148 25 25

147 25 26

47 25 127

47 75 51

50 50 77

0 25 178

47 50 152

47 50 178

0 25 153

0 50 177

47 50 152

0 50 127

23 0 152

47 0 152

0 _5 152

0 7.5 127

47 0 152

0 0 152

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

Notes: (1) Accelerometer units are given as micro-g's.

(2) Heating in each run begins at t = 10 sec.

Table A-III.
Summary of relatively larger acceleration excursions during PBE-IIB in
STS-72 Flight.
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FIGURE: Measured Fluid Temperatures
STS-72 Run #1

Heat Subcooling Heater Power 100 FPS Stirrer Repress Total

iFlux (F) On/Off On/Off Start Start Time

8 40 10-70 sec. 10-15 sec. 60 see. - ....... 80 Sec

Figure A-4a. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIB (STS-72). Run No. 1.
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FIGURE: Measured Fluid Temperatures STS-77 Run #2

Heat Subcooling Heater Power 100 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time

1 20 10-220 sec. . ......... 210 Sec. . ....... 230 Sec

Figure A-4b. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIB (STS-72). Run No. 2.
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FIGURE: Measured Fluid Temperatures STS-72 Run #3

Heat Subcooling Heater Power 100 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time

2 40 10-120 se¢. 30-50 sec. 110 ........ 130 Sec

Figure A-4c. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIB (STS-72). Run No. 3.
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FIGURE: Measured Fluid Temperatures STS-72 Run #4

Heat Subcooling Heater Power 100 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time

8 30 10-55 sec. 10-15 see. 45 ........ 65 Sec

Figure A-4d. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIB (STS-72). Run No. 4.
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FIGURE: Measured Fluid Temperatures STS-72 Run #5

Heat Subcooling Heater Power 100 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time

4 30 10-100 sec. 15-25 sec. 90 ........ 105 Sec

Figure A-4e. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIB (STS-72). Run No. 5.
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FIGURE: Measured Fluid Temperatures STS-72 Run #6
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Figure A-4f.
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On/Off Start Start Time

30-50 sec. . ................ 110 Sec

Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIB (STS-72). Run No. 6.
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FIGURE: Measured Fluid Temperatures STS-72 Run #7

Heat Subcooling Heater Power 100 FPS Stirrer Repress Total

Flux (F) On/Off On/Off Start Start Time

8 20 10-40 sec. 10-15 sec. - ........ 45 55 Sec

Figure A-4g. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIB (STS-72). Run No. 7.
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FIGURE: Measured Fluid Temperatures STS-72 Run #8

Heat Subcooling Heater Power 100 FPS Stirrer Repress Total

Flux (F) On/Off On/Off Start Start Time

4 20 10-70 sec. 15-25 sec. 60 ........ 80 Sec

Figure A-4h. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIB (STS-72). Run No. 8.
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FIGURE: Measured Fluid Temperatures STS-72 Run #9

Heat Subcooling Heater Power 100 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time

2 20 10-115 sec. 30-50 sec. 95 ........ 125 See

Figure A-4i. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIB (STS-72). Run No. 9.
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PBE-IIB (STS-72). Run No. 3.

A-45



A. Mean Heater Surface Temperature

160

140

cJ

_- 12o
_=
E 100

E 80
#.

6O

40

0 10 20 30 40 50 60 70

Time, sec

Do

60.0

0

50.0
,.=

E 40.0
i,.,=

30.0

{ iTM07 (C) -- -- -- TM08 (C) .... TM09 (C)}

I I I t t

0 10 20 30 4() 50 60 70

Time, see

E.

45.0

¢..)

40.0

&
E 35.0

30.0

[_TM11(C) ------ TM12(C) ..... TM13 (C)

t t t t ; I

10 20 30 4 :) 50 60 70

Time, sec

FIGURE: Measured Heater-Underside Temperatures

Heat Subcooling Heater Power 100 FPS Stirrer
Flux (F) On/Off On/Off Start

8 30 10-55 sec. 10-15 sec. 45

Figure A-5d. Measured fluid temperatures near secondary
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Figure A-5e. Measured fluid temperatures near secondary
underside. PBE-IIB (STS-72). Run No. 5.
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PBE-IIB (STS-72). Run No. 6.
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fluid temperatures near secondary heater and heater
PBE-IIB (STS-72). Run No. 7.
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Figure A-5h. Measured fluid temperatures near secondary
underside. PBE-IIB (STS-72). Run No. 8.
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Figure A-5i. Measured fluid temperatures near secondary heater and heater
underside. PBE-IIB (STS-72). Run No. 9.
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STS-72 Run #1

Frame # 0000 time=10.81 sec Frame #0014 time=lO.95 sec

Frame #0028 time= 11.09 sec Frame #0042 time=l 1.23 sec

Frame #0056 time=l 1.37 sec Frame #0070 time=l 1.51 sec

Figure A-6a. Selected Photographic Images. PBE-IIB (STS-72). Run No. 1.
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STS-72 Run #1

Frame # 0616 time=34.47 sec Frame #0686 time=41.47 sec

Frame #0756 time--48.47 sec Frame #0826 time=55.47 sec

Frame #0896 time=62.47 sec Frame #0966 time=69.47 sec

Figure A-6a. Continued.
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STS-72 Run #2

Frame # 0000 time=25.34 see Frame #0001 time=25.44 sec

Frame #0002 time=25.54 sec Frame #0003 time=25.64 sec

Frame #0004 time=25.74 sec Frame #0005 time=25.84 sec

Figure A-6b. Selected Photographic Images. PBE-IIB (STS-72). Run No. 2.
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STS-72 Run #2

Frame # 0020 time=38.26 sec Frame #0160 time=52.26 sec

Frame #0300 time=66.26 sec Frame #0440 time=80.26 sec

Frame #0580 time=94.26 sec Frame #0720 time=108.26 sec

Figure A-6b. Continued.
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STS-72 Run #3

Frame # 0000 time=46.41 sec Frame #0001 time=46.42 sec

Frame #0003 time=46.44 sec Frame #0005 time=46.46 sec

Frame #0007

Figure A-6c.

time=46.48 sec

Selected Photographic Images.

Frame #0009 time=46.50 sec

PBE-IIB (STS-72). Run No. 3.
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STS-72 Run #3

Frame # 0400 time=52.23 sec Frame #0520 time=64.23 sec

Frame #0640 time=76.23 sec Frame #0760 time=88.23 sec

Frame #0880 time=100.23 sec Frame # 1000 time=112.23 sec

Figure A-6c. Continued.
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STS-72 Run #4

Frame # 0000 time=10.36 sec Frame #0045 time=lO.81 sec

Frame #0060 time=10.96 sec Frame #0075 time=l 1.11 sec

Frame #0090 time=l 1.26 sec Frame #0105 time,=l 1.41 sec

Figure A-6d. Selected Photographic Images, PBE-IIB (STS-72). Run No. 4.
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STS-72 Run #4

Frame # 0493 time=16.05 sec Frame #0573 time=24.05 sec

Frame #0653 time=32.05 sec Frame #0733 time=40.05 sec

Frame #0813 time=48.05 see Frame #0893 time=56.05sec

Figure A-6d. Continued.
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STS-72 Run #5

Frame # 0000 time=25.01 sec Frame #0001 time=25.02 sec

Frame #0002 time=25.03 sec Frame #0004 time=25.05 sec

Frame #0007

Figure A-6e.

time=25.08 sec Frame #0009 time=25, l 0 sec

Selected Photographic Images. PBE-IIB (STS-72). Run No. 5.
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STS-72 Run #5

Frame # 0021 time=25.31 sec Frame #0141 time=37.07 sec

Frame #0261 time=49.07 sec Frame #0381 time=61.07 sec

Frame #0501 time--73.07 sec Frame #0621 time=85.07 sec

Figure A-6e. Continued.
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STS-72 Run #6

Frame # 0000 time=67.64 sec Frame #0001 time=67.74 sec

Frame #0002 time=67.84 sec Frame #0003 time=67.94 sec

Frame #0004 time=68.04 sec Frame #0005 time=68.14 sec

Figure A-6f. Selected Photographic Images. PBE-IIB (STS-72). Run No. 6.
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STS-72 Run #6

Frame # 0020 time=69.64 sec Frame #0070 time=74.64 sec

Frame #0120 time=79.64 sec Frame #0 170 time=84.64 sec

Frame #0220 time=89.64 sec Frame #0270 time=94.64 sec

Figure A-6f. Continued.
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STS-72 Run #7

Frame # 0000 time=10.51 sec Frame #0020 time=10.71 see

Frame #0030 time=10.8l sec Frame #0040 time=10.91 sec

Frame #0050 time=l 1.01 sec Frame #0060 time=l 1.11 sec

Figure A-6g. Selected Photographic Images. PBE-IIB (STS-72). Run No. 7.
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STS-72 Run #7

Frame # 0480 time=l 6.42 sec Frame #0520 time=20.42 sec

Frame #0560 time=24.42 sec Frame #0600 time=28.42 sec

Frame #0640 time=32.42 sec Frame #0680 time=36.42 sec

Figure A-6g. Continued.
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STS-72 Run #8

Frame # 0000 time=21.49 see Frame #0001 time=21.50 see

Frame #0002 time=21.51 see Frame #0003 time=21.52 see

Frame #0004 time=21.53 see Frame #0005 time=21.54 see

Figure A-6h. Selected Photographic Images. PBE-IIB (STS-72). Run No. 8.
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STS-72 Run #8

Frame # 0380 time=26.13 sec Frame #0440 time=32.13 sec

Frame #0500 time=38.13 see Frame #0560 time-----_4.13 sec

Frame #0620 time=50.13 sec Frame #0680 time=56.13 sec

Figure A-6h. Continued.
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STS-72 Run #9

Frame # 0000 time=72.29 sec Frame #0001 time=72.39 sec

Frame #0002 time=72.49 sec Frame #0003 time=72.59 sec

Frame #0004 tim_72.69 sec Frame #0005 time=72.79 sec

Figure A-6i. Selected Photographic Images. PBE-IIB (STS-72). Run No. 9.
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STS-72 Run #9

Frame # 0040 time=76.29 sec Frame #0080 time=80.29 sec

Frame #0120 time=84.29 sec Frame #0160 time=88.29 sec

Frame #0200 time=92.29 sec Frame #0240 time=96.29 sec

Figure A-6i. Continued.
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STS-72 Run #1

t=35.1 see t=36.5 sec t:--37.9 see t=39.3 see

t--40.7 see t=42.1 sec t--:43.5 sec t= 44.9 sec

Figure A- 10a- 1-iv. Sample images showing dryout/rewetting. PBE-IIB (STS-72).
Run No. 1. Time interval: 35.0 - 45.0.
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STS-72 Run #2, Section #1

t=32.54 sec t=35.04 sec

f

t=37.54 sec t=40.04 sec

t=42.54 sec t=45.04 sec t----47.54 sec t= 50.04 sec

Figure A- 10b- 1-iv. Sample images showing dryout/rewetting. PBE-IIB (STS-72).
Run No. 2. Time interval: 300 - 50.0 seconds.
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STS-72 Run #2, Section #2

t=68.84 see

t=84.04 sec

t=72.64 sec t=76.44 sec t=80.24 sec

t=87.84 sec t= 91.64 sec t= 95.04 sec

Figure A- 10b-2-iv. Sample images showing dryout/rewetting. PBE-IIB (STS-72).
Run No. 2. Time interval: 65 - 95 seconds.
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STS-72 Run #3

t=82.8 sec t=86.5 sec t=90.2 sec t=93.9 sec

t=97.6 sec t=101.3 sec t:--105.0 sec t=108.7 sec

Figure A- 10c- 1-iv. Sample images showing dryout/rewetting. PBE-IIB (STS-72).
Run No. 3. Time interval: 80 _ 110 seconds.
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STS-72 Run #4

t=32.4 see t=33.6 see t=34.8 see t=36.0 see

t=37.2 see t=38.4 see t= 39.6 sec t= 40.8 sec

Figure A-10d-l-iv. Sample images showing dryout/rewetting. PBE-IIB (STS-72). Run
No. 4. Time interval: 30 - 40 :+econds.
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STS-72 Run #5, Section 1

I

t=40.22 sec t=43.02 sec t::45.82 sec t--48.62 sec

t=51.42 sec t=54.22 sec t= 57.02 sec t= 59.82 sec

Figure A-10e-l-iv. Sample images showing dryout;rewetting. PBE-IIB (STS-72). Run
No. 5. Time Interval: 40 - 60 seconds.
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STS-72 Run #5, Section 2

e%

t=80.73 sec t=:81.43 sec t=82.13 sec

t=82.83 sec t=83.53 sec t= 84.23 sec t= 84.93 sec

Figure A-10e-2-iv. Sample images showing dryout/rewetting. PBE-IIB (STS-72).
Run No. 5. Time interval: 80 - 85 seconds.
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STS-72 Run #6

t=67.6 sec t=69.0 sec t=70.4 sec t=71.8 sec

t=73.2 sec t=74.6 sec t= 76.0 sec t= 77.4 sec

Figure A-10f-l-iv. Sample images showing dryottt/rewetting. PBE-IIB (STS-72). Run
No. 6. Time interval: 67.5 - 80 seconds.
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STS-72 Run #8, Section #1

I
t=21.79 sec t=23.39 sec t=24.99 sec t=26.43 sec

t=28.03 sec t=29.63 sec t= 31.23 sec t= 32.83 sec

Figure A-10h-l-iv. Sample images showing dryoat/rewetting. PBE-IIB (STS-72).
Run No. 8. Time interval: 21 - 33 seconds.
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STS-72Run#8,Section#2

t=52.60sec t=54.20sec t=55.80sec t=57.24sec

t=58.84sec t=60.44sec t=62.04sec t=63.64sec

FigureA-10h-2-iv. Sampleimagesshowing dryot_t/rewetting. PBE-IIB (STS-72).
RunNo. 8. Time interval: 50- 60seconds.
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STS-72Run#9

t=72.39sec t=75.59sec t='r8.79sec t=81.99sec

t=85.19sec t=88.39sec t=91.59sec t=94.59sec

FigureA-10i-l-iv. Sampleimagesshowing dry,_ut/rewetting. PBE-IIB (STS-72).
RunNo.9. Time interval: 72 - 95seconds.
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Appendix B, PBE-IIA (STS-77). Experimental Results
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Table B-Ill.

RUN # Time, sec Peaks Maximum Acceleration value Noise

1 105.0 yes

1 110.2 yes

1 110.4 yes

1 115.0 yes

1 115.1 _,es

1 115.2 yes

1 115.3 yes

1 140.4 yes

1 140.5 yes

1 140.6 yes

1 140.7 yes

1 140.9 yes

1 141.0 yes

1 141.3 yes

1 183.3 yes

1 183.4 yes

2 111.9 yes

3 70.5 yes

3 70.8 yes
4 no

5 15.9 yes

5 16.0 yes

5 16.3 yes

5 42.7 yes
6 no

7 no

8 7.9 yes

8 8.1 yes

8 8.4 yes

8 8.7 yes

8 9.0 yes

8 9.3 yes

8 9.5 yes

8 9.9 yes

8 34.5 yes

8 79.9 yes

9 14.9 yes

9 15.2 yes

9 15.5 yes

X Y
3]. 100

6 119 24

18 119 24

18 106 27

18 131 1

6 106 1

18 106 1

166 156 75

240 181 50

18 156 77

56 181 128

166 19 50

166 94 75

117 19 100

18 69 103

43 19 103

50 117 26

47 25 152

24 0 152

47 50 77

148 50 0

148 25 25

147 25 26

47 25 127

47 75 51

50 50 77

25

53

0 178

47 152

47 59 178

0 25 153

0 5O 177

47 50 152

0 50 127

23 0 152

47 0 152

0 25 152

0 25 127

47 0 152

00 152

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

06

, 6
2 o

°,.._

0 ".._

Q
Z

Summary of relatively larger acceleration excursions during PBE-IIA in
STS-77 Flight.
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FIGURE: Measured Fluid Temperatures STS-77 Run #1

Heat Subcooling Heater Power 10 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time

2 20 10-180 sec. 25-190 sec. 170 sec. -......... 190 sec

Figure B-4a. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIA (STS-77). Run No. 1.
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Figure B-4b. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIA (STS-77). Run No. 2.
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Heat Subcooling Heater Power 10 FPS Stirrer Repress Total
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0.5 20 10-250 sec. 70-260 sec. 240 sec. - ....... 260 sec.

Figure B-4c. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIA (STS-77). Run No. 3.
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Heat Subcooling Heater Power 10 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time
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Figure B-4d. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIA (STS-77). Run No. 4.
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1 5 10-210 sec. 60-220 sec. 200 sec. -....... 220 sec.

Figure B-4e. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIA (STS-77). Run No. 5.
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FIGURE: Measured Fluid Temperatures STS-77 Run #6

Heat Subcooling Heater Power 10 FPS Stirrer Repress Total

Flux (F) On/Off On/Off Start Start Time

0.5 5 10-250 sec. 80-260 sec. 240 sec. . ....... 260 sec.

Figure B-4f. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIA (STS-77). Run No. 6.
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FIGURE: Measured Fluid Temperatures STS-77 Run #7

Heat

Flux

2

Subcooling Heater Power 10 FPS Stirrer Repress Total
(F) On/Off On/Off Start Start Time
0.5 10-110 sec. 30-140 sec. . ........ 120 sec. 140 sec.

Figure B-4g. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIA (STS-77). Run No. 7.
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FIGURE: Measured Fluid Temperatures STS-77 Run #8

Heat

Flux

1

Subcooling Heater Power 10 FPS Stirrer Repress Total

(F) On/Off On/Off Start Start Time
0.5 10-210 sec. 60-240 sec. - ......... 220 sec. 240 sec.

Figure B-4h. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIA (STS-77). Run No. 8.
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FIGURE: Measured Fluid Temperatures STS-77 Run #9

Heat Subcooling Heater Power 10 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time
0.5 0.5 10-250 sec. 80-280 sec. - ......... 260 sec. 280 sec.

Figure B-4i. Measured fluid temperatures near primary heater and far field bulk liquid.
PBE-IIA (STS-77). Run No. 9.
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FIGURE: Measured Heater-Underside Temperatures STS-77 Run #1

Heat Subcooling Heater Power 10 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time

2 20 10-180 sec. 25-190 sec. 170 sec. -....... 190 sec.

Figure B-5a.. Measured fluid temperatures near secondary heater and heater underside.
"PBE-IIA (STS-77). Run No. 1.
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FIGURE: Measured Heater-Underside Temperatures STS-77 Run #2

Heat Subcooling Heater Power 10 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time

1 20 10-220 see. 50-230 see. 210 see. -....... 230 see

Figure B-5b. Measured fluid temperatures near secondary heater and heater underside.
PBE-IIA (STS-77). Run No. 2.

B-44



A. MeanHeaterSurfaceTemperature

80

70
e-

6o

E
#- 5o

4O I t I I I I

40 80 120 160 200 240

Time, 8ec

28O

Do

70.0

60.0

.==
&
E 50.0
I-

40.0

] _TM07(C) ---- TM08(C) .... TM09(C) [

----Z
I I I I t t

0 40 80 120 160 200 240 280

Time, se¢

E.

60.0

E 5o.o
.=

&
E 40.0
#.

30.0

I _TM11(C) -- -- -- TM12(C) .... TM13(C) I

¢

p I I _ I I

0 40 80 120 160 200 240 280

FIGURE: Measured Heater-Underside Temperatures STS-77 Run #3

Heat Subcooling Heater Power 10 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time
0._; 20 10-250 sec. 70-260 sec. 240 sec. -....... 260 sec.

Figure B-5c. Measured fluid temperatures near secondary heater and heater underside.
PBE-IIA (STS-77). Run No. 3.
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FIGURE: Measured Heater-Underside Temperatures STS-77 Run #4

Heat Subcooling Heater Power 10 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time

2 5 10-170 see. 30-180 sec. 160 sec. - ....... 180 sec.

Figure B-5d. Measured fluid temperatures near secondary heater and heater underside.
PBE-IIA (STS-77). Run No. 4.
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FIGURE: Measured Heater-Underside Temperatures STS-77 Run #5

Heat Subcooling Heater Power 10 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time

1 5 10-210 sec. 60-220 sec. 200 sec. - ....... 220 sec.

Figure B-5e. Measured fluid temperatures near secondary heater and heater underside.
PBE-IIA (STS-77). Run No. 5.
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FIGURE: Measured Heater-Underside Temperatures STS-77 Run #6

Heat Subcooling Heater Power 10 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time
0.5 5 10-250 sec. 80-260 sec. 240 sec. -....... 260 sec.

Figure B-5f. Measured fluid temperatures near secondary heater and heater underside.
PBE-IIA (STS-77). Run No. 6.
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FIGURE: Measured Heater-Underside Temperatures STS-77 Run #7

Heat Subcooling Heater Power 10 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time

2 0.5 10-110 sec. 30-140 sec. -........ 120 sec. 140 sec.

Figure B-5g. Measured fluid temperatures near secondary heater and heater underside.
PBE-IIA (STS-77). Run No. 7.
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FIGURE: Measured Heater-Underside Temperatures STS-77 Run #8

Heat Subcooling Heater Power 10 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time

1 0.5 10-210 sec. 60-240 sec. .......... 220 sec. 240 sec.

Figure B-5h. Measured fluid temperatures near secondary heater and heater underside.
PBE-IIA (STS-77). Run No. 8.

B-50



A. MeanHeaterSurfaceTemperature

100

O

E 8o
9,

i
E 60

40

0

I t I I t I

40 80 120 160 200 240

Timop Se¢

280

Do

75.0

I_ 65.0

E 55.0
I,-

45.0

I _TM07(C) -- -- -- TM08(C) .... TM09(C) t

J
It I I I I

40 80 120 160 200 240 280

Time, sec

E°

60.0

50.0
9,

8.
E 40.0

30.0

I _TM11(C) ------ TM12(C) .... TM13(C)}

_,--._°_ ........................ _ .................................... _ ..........

I I I I I I

0 40 80 120 160 200 240 280

Time,

FIGURE: Measured Heater-Underside Temperatures STS-77 Run #9

Heat Subcooling Heater Power 10 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Time
0.5 0.5 10-250 sec. 80-280 sec. - ......... 260 sec. 280 sec.

Figure B-5i. Measured fluid temperatures near secondary heater and heater underside.
PBE-IIA (STS-77). Run No. 9.
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STS-77 Run #1

Frame # 0001 tim_33.70 see Frame #0002 tim_33.80 see

Frame #0003 time=33.90 sec Frame #0004 tim_34.00 sec

Frame #0005 time=34.10 sec Frame #0006 time=34.20 sec

Figure B-6a. Selected Photographic Images. PBE-IIA (STS-77). Run No. 1.
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STS-77 Run #1

Frame # 0013 time=35.10 see Frame #0253 time=59.10 sec

Frame #0493 time=83.10 sec Frame #0733 time=107.1 sec

Frame #0973 time=131.10 sec Frame #1213 time=155.10 see

Figure B-6a. Continued.
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STS-77 Run #2

Frame # 0001 time=79.52sec Frame #0002 time=79.62sec

Frame #0003 time=79.72sec Frame #0004 time=79.82sec

Frame #0005 time=79.92sec J_rame #0006 tim_80.02sec

Figure B-6b. Selected Photographic Images. PBE-IIA (STS-77). Run No. 2.
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STS-77 Run #2

Frame # 0030 time=81.52sec Frame #00248 time=103.32sec

Frame #0466 time= 125.12sec Frame #0684 time=146.92sec

Frame #0902 time=168.72sec Frame # 1120 time=190.52sec

Figure B-6b. Continued.
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Figure B-6c. No boiling. PBE-IIA (STS-'77). Run No. 3.
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STS-77 Run #4

Frame # 0000 time=33.66sec Frame #0001 time=33.76sec

Frame #0002 time=33.86sec Frame #0003 time=33.96sec

Frame #0004

Figure B-6d.

time=34.06sec Frame #0005 time=34.16sec

Selected Photographic Images. PBE-IIA (STS-77). Run No. 4.
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STS-77 Run #4

Frame # 0020 time=35.66see Frame #0234 time=56.76sec

Frame #0448 time=78.16sec Frame #0684 time=99.56sec

Frame #0876 time= 168.72sec Frame # 1090 time=142.36sec

Figure B-6d. Continued.

B-58



STS-77 Run #5

Frame # 0000 time=89.64sec Frame #0001 time=89.74sec

Frame #0002 time=89.84sec Frame #0003 time=89.94sec

Frame #0004

Figure B-6e.

time---90.04sec Frame #0005 time=90.14sec

Selected Photographic Images. PBE-IIA (STS-77). Run No. 5.
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STS-77 Run #5

Frame # 0024 time=92.04sec Frame #0210 time=l lO.64sec

Frame #0396 time=129.24sec Frame#0582 time=147.84sec

Frame #0768 time= 166.44sec Frame #954 time= 185.04sec

Figure B-6e. Continued.
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STS-77 Run #6

Frame # 0001 time=200.50sec Frame #0002 time=200.60sec

Frame #0003 time=200.70sec Frame #0004 time=200.80sec

Frame #0005 time=200.90sec Frame #0006 time=201.00sec

Figure B-6f. Selected Photographic Images. PBE-IIA (STS-77). Run No. 6.
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STS-77 Run #6

Frame # 0035 time=203.9Osec Frame #0097 time=210.10sec

Frame #0 159 time=216.30sec Frame #0221 time=221.50sec

Frame #0283 time=227.70sec

Figure B-6f.

Frame #345

Continued.

time=233.90sec
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STS-77 Run #7

Frame # 0000 time=49.28sec Frame #0001 time=49.38sec

Frame #0002 time=49.48sec Frame #0003 time=49.58sec

Frame #0004

Figure B-6g.

time=49.68sec

Selected Photographic Images.

Frame #0005 time=49.78sec

PBE-IIA (STS-77). Run No. 7.
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STS-77 Run #7

Frame # 0025 time=51.78sec Frame #0131 time=62.38sec

Frame #0237 time=72.98sec Frame #0343 time=83.58sec

Frame #0449 time---94.18sec

Figure B-6g.

Frame #0608

Continued.

time= 110.08sec
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STS-77 Run #8

Frame # 0001 time=76.40sec Frame #0002 time=76.50sec

Frame #0003 time=76.60sec Frame #0004 time=76.70sec

Frame #0005 time=76.80sec Frame #0006 time=76.90sec

Figure B-6h. Selected Photographic Images. PBE-IIA (STS-77). Run No. 8.
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STS-77 Run #8

Frame # 0047 time=81.OOsec Prame 00305 time=96.80sec

Frame #0563 time=132.6sec Frame #0821 time=158.40sec

Frame # 1079 time= 184.20sec

Figure B-6h.

Frame #1337

Continued.

time=210.0Osec
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STS-77 Run #9

Frame # 000l time=226.16sec Frame #0002 time=226.26sec

Frame #0003 time=226.36sec Frame #0004 time=226.46sec

Frame #0005

Figure B-6i.

time=226.56sec Frame #0006 time=226.66sec

Selected Photographic Images. PBE-IIA (STS-77). Run No. 9.
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STS-77 Run #9

Frame # 0035 time=229.66sec Frame #0089 time=235.06sec

Frame #0143 tim_240.60sec :Frame #0197 time=245.86sec

Frame #0251 tim_251.26sec

Figure B-6i.

Frame #0305

Continue.

time=256.66sec
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Figure B-7. Nucleation Delay Time. Comparison between Five (5) PBE space
experiments and the best-fit correlation.
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STS-77Run#1,Section#I

t=46.5sec t=52.7sec t=58.9sec t=65.1sec

t=71.3sec t=77.5sec t=83.7sec t=89.9sec

FigureB-10a-l-iv. Sampleimagesshowingdryout/rewetting.PBE-IIA (STS-77).
RunNo. 1. Time interval:40 - 90seconds.
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STS-77Run#1,Section#2

t=114.5sec t=116.9sec t=119.3sec t=121.7sec

t=124.1sec t=126.5sec t=128.9sec t=131.3sec

FigureB-10a-2-iv. Sampleimagesshowingdryout/rewetting.PBE-IIA (STS-77).
RunNo. 1. Time interval: 110- 130seconds.
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STS-77 Run #1, Section #3

t=155.3 see t=157.8 sec t=160.3 see t=162.8 see

t=165.3 sec t=167.8 sec t=170.3 see t=172.8 see

Figure B-10a-3-iv. Sample images showing dryout/rewetting. PBE-IIA (STS-77).
Run No. 1. Time interval: 150 - 170 seconds.
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STS-77 Run #2, Section #1

t=125.9 see t=130.9 see t=135.9 see t=140.9 see

t=145.9 sec t=150.9 sec t=155.9 sec t=160.9 see

Figure B-10b-l-iv. Sample images showing dryout/rewetting. PBE-IIA (STS-77).
Run No. 2. Time interval: 120 - 160 seconds.
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STS-77 Run #2, Section #2

t=174.5 sec t=177.0 sec t=179.5 sec t=182.0 sec

t=184.5 sec t=187.0 sec t=189.5 sec t=192.0 sec

Figure B-10b-2-iv. Sample images showing dryout/rewetting. PBE-IIA (STS-77).
Run No. 2. Time interval: 170 - 190 seconds.
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STS-77Run#5,Section#1

t=114.0sec t=117.7sec t=121.4sec t=125.1sec

t=128.8sec t=132.5sec t=136.2sec t=139.9sec

FigureB-10e-l-iv. Sample images showing dryout/rewetting. PBE-IIA (STS-77).
RunNo. 5. Time interval: 110- 140seconds.
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STS-77Run#5,Section#2

Eli

t=163.6 sec t=165.9 sec t=168.2 sec t=170.5 sec

t= 172.8 sec t= 175.1 sec t= 177.4 sec t= 179.7 sec

Figure B-10e-2-iv. Sample images showing dryout/rewetting. PBE-IIA (STS-77).
Run No. 5. Time interval: 159-179 seconds.
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STS-77 Run #6

t=213.6 sec t=217.3 sec t=221.0 sec t=224.7 sec

t=228.4 sec t=232.1 sec t=235.8 sec t=239.5 sec

Figure B-10f-l-iv. Sample images showing dryout/rewetting. PBE-IIA (STS-77).
Run No. 6. Time interval: 210-240 seconds.
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STS-77 Run #7, Section #1

t=56.6 sec t=58.4 sec t=60.2 sec t=62.0 sec

t=63.8 sec t=65.6 sec t=67.4 sec t=69.2 sec

Figure B-10g-l-iv. Sample images showing dryout/rewetting. PBE-IIA (STS-77).
Run No. 7. Time interval: 55 - 70 seconds.
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STS-77 Run #7, Section #2

t=72.9 sec t=76.0 sec t=79.1 sec t=82.2 sec

t=85.3 sec t=88.4 sec t=91.5 sec t=94.6 sec

Figure B-10g-2-iv. Sample images showing dryout/rewetting. PBE-IIA (STS-77).
Run No. 7. Time interval: 70 - 95 seconds.
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STS-77 Run #8

t=96.3 sec t=102.5 sec t=108.7 sec t=114.9 sec

t=121.1 sec t=127.3 sec t=133.5 sec t=139.7 sec

Figure B-10h-l-iv. Sample images showing dryout/rewetting. PBE-IIA (STS-77).
Run No. 8. Time interval: 90 - 140 seconds.
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STS-77 Run #9

t=228.9 sec t=231.7 sec t=234.5 sec t=237.3 sec

t=240.1 sec t=242.9 sec t=245.7 sec t=248.5 sec

Figure B-10i-l-iv. Sample images showing dryout/rewetting. PBE-IIA (STS-77).
Run No. 9. Time interval: 226 - 250 seconds.
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